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PREFACE 


. Buhsen is reported to have said, “Ein Chemiker, der kein fhysiker 
; ist, ist gai'nichts.” ( A chemist, who is no physicist, is alfgo^t valuele ss.) 
If this were# true eighty years ago, it is even more true tQrday. The 
co-ordination of physics and chemistry, of which Ostwald laid the 
foun$at|pn, now forms the basis upon which chemistry is built. No one 
can study chemistry with profit unless he has a knowledge of those 
physical Methods which have raised the subject from being a mere 
collection of facts to a science with a rational basis.* # 

This book sets out to give an up-to-date outline of the results and 
methods of Physical Chemistry. Whilst it is not intended to be merely a 
“cram-book” f&r examinations, the standard to which it takes the 
subject is # convqpiently stated in terms of examinations. The book is 
suitable for students who are preparing for the General Certificate 
of Ed ucatio n (Advanced an d Scholarship le vel) an<TTGiEer3Sdiate 
' Science. ExaminaPmns^of tKe"^Faxioiis Uxii^ersities. fo f ^Umvefiit y 
- ScEolaMunsTa^ for Uni versity Degrees up to Pai ^st ^ndard? It is 
realised oFcourse that tlie first of these classes will not need to read the 
whole of the book; the teacher will select the passages to be studied. 
There is no need to emphasise the value of using one texTb-book for all 
"the examinations enumerated above. The student gets to know the 
book, and eafi easily turn up any particular topic. This does not, of 
course, imply that the student should not augment his knowledge by 
reading some of the many monographs on various aspects of the 
subject; indeed, it is hoped that the reading of this book will stimulate 
him to read more widely, and to this end a list of books which are 
recommended for further reading is appended to each chapter. 

* Many students who take Chemistry in the various Public and 
University Examinations find this branch of the subject difficult because 
ofdheir lack of Knowledge of Physics. They are mainly those wh$ t<j?ke 
Chemistry, Botany and Zoology, and have left# their Physios at the 
matriculation stage. For them this b$ok is specially suited, as pains* 
have been taken to make the Physics and Mathematics as simple as 
possible. Where any physical concept is introduced which is not likely 
to have been met with by a student of this standard, it is fully explained. 
This may have entailed the use of some space* but such treatment is 
justified by the needs of a l£rge class of students. The mathematics 
used js of the simplest^ consistent with the subject being an exact 
science. Thgse leading the book for the first timePmay find the mathe- 
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matics of thermodynamics difficult, bift the chapters on this branch of 
the subject need be studied fully only by the more advanced student. 

.Physical Chemistry naturally begins with the study of the atom- In 
this matter both Physics and Chemistry are on common ground; but so 
frequently does the chemist look upon this work as pure Physics, that 
the studentfimist needs go to a text-book of Physics to learn about it. 
This necessity has been obviated in this book by commencing with an 
account of the methods used in deciding the structure of the atom. The 
e knowledge t^us* gained is applied to the study of chemical combination 
by the electronic theory of valency. This is one of the most outstanding 
* advances in Physical Chemistry of recent years, and has already brought 
about great changes in the presentation of the facts of Inorganic 
Chemistry, v "; 

AH’ the topics usually dealt with under the heading of Physical 
„ Chemistry will be found in this book. It has been made as up to date as 
possible by the inclusion of recent work on the theory of complete 
dissociation, the hydrogen isotope, the physical determination of 
atomic weights, the extended theory of acids and baseC, atomic trans- 
mutation, the neutron and positive electron, and other topics. A 
chapter on Photochemistry is included, and it is hoped that this brief 
account will be of use to students, as few books of this standard mention 
the- subject. Finally, the methods employed in determining the 
structure of comparatively simple molecules are outlined. This advance 
in Physical Chemistry is the logical successor to the unravelling of the 
structure of the atom, and deserves a chapter in a book of this nature. 

A.J.M. 
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PREFACE TO THE FIFTH EDITION 


In this fifth edition the book has been revised and brought up to 
date, Ne&riy^il the chapters have been extended or refa^tten in. part. 
The most important changes are in the sections on thermodynamics: 
in view of the increasing importance of thermodynamics in chemistry, 
the scoppof these sections has been widened. The student is introduced 
to the subject at the earliest possible moment, i.e., after the chapter on 
valency. The convention of signs used in the treatment *>f thermo- 
chemistry has been changed to make it consistent with that usee? in the 
rest of thermodynamics. The treatment of valency has been expanded 
with a fuller development of the theory of molecular orbitals; this lias 
necessitated ai f extension of the sections on wave mechanics in 
Chapter pi. %irface chemistry, voltaic cells and distillation are 
among the subjects discussed in more detail than in the previous* 
editions. * 0 

While engaged on this revision we have received much help, which 
we gratefully acknowledge. Mr. J. E. B. Randles, Dr. G, A. Gilbert 
and Dr. G. M. Burnett, all of Birmingham University, suggested the lines 
along which the revision should be made. Our thanks are due to the 
following, who gave advice on particular points: Dr. £. M. Philbin 
and Mr. F. . T. Riley, M.Sc. (of University College, Dublin); Dr. N. 
Porter and Mr. F. O’Foghludha, M.Sc. (lately of University College, 
Dublin) and Mr. H. P. Hutchison, M.A. (of Trinity Coliege, Dublin). 
One of us also wishes to acknowledge the constant counsel and 
encouragement which his father. Professor T. S. Wheeler, D.Se./and 
his wife, Mrs. M. Wheeler, R.Sc., have given him throughout the work. 


November, 1954. 


A. J. Mee, . » 

D. M. S. Wheeler. 


A NOTE ON THE REPRINT (1956) OF THE 
• * FIFTH EDITION 


In this reprint, a number *of corrections have been made, and th? 
“Suggestions for Further Reading” have been revised and brought 
up-to-date throughout. * ® • i 
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PHYSICAL CHEMISTRY 


CHAPTER I 


LAWS OP CHEMICAL COMBINATION 


1* She Law of Conservation of Matter. — This law, which is the basis 
of all quantitative work in chemistry, was first stated by Lavoisier in 
1774, altfiough the belief in its truth was current much earlier anjongfst 
the Greek philosophers. * # 

The law states that the total amount of matter in the universe is unaltered , 
whatever changes take place in its distribution . The Greeks merely g^ve 
this as an opftiion, or a belief; their views were not founded on any 
experiment. Lavoisier, however, came to his conclusion as the result of 
experiment, and he stated the law in the words: “Nothing can be 
created, and in every process there is just as much * * 

substance present before and after the process has taken f*' 

place. There is only a change in the form of the matter.” Jm-B 
Experimental proot of the Law of Conservation of | — | 

Matter is difficult. By many chemists the truth of the 
law was regarded as self-evident, since so much 
quantitative work had been based on it, and it had 
always turned out correct within the limits of experi- 
mental error. The law was subjected to an exhaustive 
test by Heydweiller (1901) and by Landolt, whose results 
were published in 1906. 

It is clear that to test the law, reactions must be carried out in sealed 
tubes so that none of the products of the reaction escape. Heydweiller 
found slight losses in weight when reactions were carried out under these 
conditions? and Landolt set to work to discover to what these losses were 
due. The simplest form of apparatus employed by him was an H^ube, 
as shown in Pig. 1, in which the two reactants^could be placed in*eitker 
leg. On inverting the tube, the two substances^mixed-and reaction took 
place. If the Law of Conservation of Matter is valid, there should be no 
difference in the weight of the tube before and after the mixing. 

Fifteen cliffeismt reactions were used, amongst which were the 
following: — m * 


Fig. 1. — 
Landolt’s 
Tube. 


(1) Silver sulphatg solution in one limb, and ferrous 
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(2) Hydriodio. acid and iodic acid, Winch on mixing gave iodine. 

(3) Sodium si^Jphite and iodine, which reacted giving sodium iodide 

* and sodium sulphate. * * 6 

(4) Potassium hydroxide solution and chloral hydrate, which gave 
* an emulsion of chloroform. 

In carrying out an experiment, one tube was counterbalanced against 
another exactly similar tube. One tube was then inverted; replaced on 
» the balance, nnd the change in weight noted. The other tube was then 
inverted, a£td replaced on the balance, and the change in weight again 
found. The process was repeated several times, and in almost every case 
a diminution in weight was observed. 

* These losses in weight were found to be due to: (a) a slight heat 
evolution in c th© reaction which removed some of the moisture which is 
always present on a glass surface; it took some time for this moisture to 
return; ( b ) the heat evolution caused a slight expansion of the vessel, 
which did not regain its original volume at once. This change in volume 
caused a change in the upthrust due to the air. 

Both these effects would tend to reduce the weight or apparent 
^Ight pf the containing vessel, giving rise to the apparent loss in weight. 
It has been shown that, for gaseous reactions, a loss in weight may be 
occasioned by the permeability of the glass vessel to certain gases. When 
the surface is coated with paraffin wax, this effect Is eliminated. 

The two effects mentioned above could be eliminated if the reaction 
vessel were allowed to stand long enough after the reaction had taken 
place, and Landolt found that when this was done the original weight 
was regained to within 1 part in 10,000,000, an error quite within the 
limits of the experiment. For these reactions, then, the law may be 
taken as valid. • 

It should be noted, however, that all the reactions studied take place 
quietly. There is no great evolution of light or heat. The difficulties 
encountered uj the study of vigorous reactions, with a view to proving 
that the JLaw of Conservation of Matter holds for them, are so great, 
that it i& nof known whether they do obey the law. Our modem idea of 
radiation and 1 matter leads to the vjpw that they wouldliotT obey it. The 
emission of radiation, such as light and heat, is accompanied by a loss 

* jjj 

ot mass, which is equal ts> where E is the energy radiated and c the 

velocity of light. The sun, which is continually radiating, kail the time 
Icsing part of its matter. Actually, in all chemical reactions, radiation 
of some sort is emitted, aud consequently the law of conservation of 
matter can no longer be regarded as an exact law. In ordinary work, 
however, the amount of radiation emitted «is so sjpail as to any 
correction in the application of the law quite negligible, although jn the 
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most energetic reacfcfons a changed 1 part in 10 8 mightjbe found. It is 
interesting to note that it is the conversion of mass into energy thajrtakes 
place whe^ atomic energy is released (§ 47). » © 

There is little doubt that a true conservation of mass ancFejfiergy, 
taken together, docs exist. .... # 

2. The Law of Constant Proportions. — Proust, as a result o£ Ms 
analyses of compounds, was able, in 1799, to make the generalisation 
that “when combination takes place between elements, it is in definite 
proportions by weight, so that the composition of a pure cher%ical compound 
is independent of the method by which it is prepared’ \ • • 

This Law, which seems to us self-evident, actually proved*to be the 
centre of a controversy at the beginning of the nineteenth century, 
between Proust, and the French chemist Berthollet. The latter believed 
that the composition of a compound was variable, and supported this 
view by experimental evidence, which however, a$ Proust Was able to 
show, did not actually amount to any violation of the law. Berthojlet 
said that when lead is heated in air it gradually takes up oxygen, and 
its colour chants from grey, through yellow to red. There was thus a 
large number of compounds of lead and oxygen, but no definite propor- 
tion of lead and Oxygen in them, for the colour changed insensibly from 
one to the other. Proust was able to show that actually there^was & 
series of oxides <$f lead, each of which has a fixed and definite composi- 
tion, and that the colour changes gradually when lead takes up oxygen 
from the air because the relative proportions of these different ^oxides 
are changing. 

Berthollet also stated that when mercury dissolves in, nitric acid, it 
takes up the acid in various proportions continuously from a minimum 
amount, when the mercury is converted into a mercurous salt, to a 
maximum, when it gives a mercuric salt. Proust showed that there 
were only two mercury nitrates, a mercurous and a mercuric salt, and 
that the intermediate substances were merely mixtures of these two. 

Numerous other objections were raised by Berthollet, whose one aim 
at this time seems to have been to overthrow this Law by^every means 
in his power. In every case, however, Proust was able to bring forward 
evidence in favour of the Law, although this was often a difficult matter. 
If this controversy was bitter, it did at # least promote chemical investiga- 
tion, and a great increase in chemical knowledge was made at this time 
largely as a result of it. # 

■ The Law has been proved within the limits of experimental error by 
the work of Stas, who prepared compounds in several different ways, 
and showed that their composition was the same to within 1 part in* 
1Q0,000. # * » . 

No error in any quantitative analysis has«been traced to a failure 
of the Law, so that, although it has not been directly verified for all 


substances, a task of Such magnitude that it cpuld not be completed, 

• * • . ■ 
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this indirect evidence places its accuracy, as an experimental law, quit' 
beyon^. doubt. 

TJbte converse^of the taw of Coustapt Proportions is not trpe. If it 
found^tftat two compounds have the same composition by weight, ii 
does ndt necessarily follow that they are one and the same substance 
-This* is due to the existence of isomerides, i:e. 3 substances possessing 
identity of chemical composition, yet having different properties. A 
well-known example of this is the isomerism shown by many organic 

substances, such as urea, 0& , and ammonium cyanat&, NH 4 CNO 

\nh 2 

Both these substances have the same molecular formula, N 2 H 4 CO* and 
yet they ar3 entirely different in their properties. Ethyl ether ,.(C 2 H 6 ) 2 0, 
and butyl 0 alcohol,- C 4 H 2 OH, are further examples of isomerides. 
Chemical composition doss not therefore uniquely determine a chemical 
compound. 

It should also be noted that it is possible to find two ®r more definite 
chemical compounds with identical chemical properties, yet differing in 
physical properties and in chemical composition. Thus, lead chloride j 
prepared from metallic lead which has had its origin in the disintegration I 
of uranium minerals, differ s in composition from that prepared from lead ] 
frdhr.thorium minerals. It has identical properties, but different com- 
position. Tire reason for the difference lies in tfaeT fact that the lead from 
the two sources differs in atomic weight. The atomic weight of ordinary $ 
lead is 207 - 2, whrlst that from certain radioactive sources is 208. It is 
clear that the lead chloride prepared from each of these specimens rnll 
have different compositions, although no outward chemical difference, 
can bo discovered between them. Actually almost every element is r 
made up of a mixture of atoms of different atomic weights (§38). 
Although these atoms differ as regards weight they do not generally 
differ at all chemically, and so chemical tests fail to distinguish between; . 
them. Such atoms are called isotopes. Chlorine gas, as ordinarily*' 
prepared, is a mixture of atoms of atomic weights 35 and 37. If these' h 
were if&pai&ted, and then combined with sodium, they would both form " 
common salt, which would give all the chemical tests for Shis compound, - 
and '’both specimens would be chemically indisfinguishable from each ; 
other. Yet it is^clear fhey would not have the same composition. It 
practice the ordinary" elements prepared in the laboratory alway. 
contain the same isotopes in the same proportions, and so compounds , 
-always have the same composition, whenever and however they are’ 
prepared. In order that" the Law may be applied, it is necessary to * 

’• distinguish carefully between compounds formed from different isotopes. 

• 3. The Law of Multiple Proportions. — The Law was stated by Dalton 
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as follows: — 
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.xn two elements A and B combine to form more tharfone compound , 
weights of A which combine with a fixed weight of B> are in the §ropor- 
ofgmcdl whole numbers. • # # n 

S’* Tliere isilittle doubt that Dalton bad been working on tbe^tomic 
theory^ and saw that some such law must necessarily be true^g 9).^ He 
found in his experiments on the hydrocarbons marsh gas (methane) and 
olefiant gas (ethylene), and on the oxides of carbon, some experimental 
evidence for this view. It is certain that no man of science without an 
idea of what ^result to expect would have propounded the Law of 
Multiple Proportions from the numerical results of Dalton’s experiments . 
The experiments were very crude,, and the results far from accurate. 
«Only a person who expected the Law to be true would be able to see the 
truth of it from Dalton’s figures. 

Numerous experiments since, however, have shown the truth ofr the 
Law. Analyses by Berzelius were considerably more Accurate thairthoso 
of Dalton and provided sufficient experimental evidence. The analysis 
of three of the oxides of nitrogen has been carried out by different 
observers and th% results are given below: — 



Nitrous oxide (Guye and Bogdan, 1904), N : 0 = 1*75100 : 1. * 

•Nitric oxide (Gray, 1905), N : 0 = 0-87563 : 1. 

. H- Nitrogen tetamdo (Guye and Drouginine, 1910), N : O = 0*43782^: i. 

It The numbers expressing the amount of nitrogen combining with 1 part 
f of oxygen are in the proportion, 


, m 


1-75100 : 0*87563 : 0*43782, 
3*9994:2:1, 
4:2:1. 


^ Similar remarks apply concerning the exactness of this Law as were 
ade regarding that of the Law of Constant Proportions. The existence 
of isotopes causes similar discrepancies here, unless the same isotope or 
mixture of isotopes is used throughout the preparation of arenas of 
ompounds. This difficulty is only likely to arise with compounds of 
tycErogen (§ 43, 44) and possibly lead. 

4. The Law o! Equivalent Proportions, and the Law ol Reciprocal 
‘ r riions. — The fact that combination between substances takes ’ 

between definite weights of them appears to have been recognised 
f some of the alchemists, particularly by one A1 Jildaki, who lived in 
te fourteenth century. Cavendish, however, was the first to recognise 
hal^substances combined together in the proportion of their equivalent 
weights. Cavendish (1766) first mentioned the word equivalent when 5 " 
dealing with the neutralisation of lime by an acid. He found the weight 
of potash wjjdeh would combine with a given weight of acid, and the 
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weight of lime^vbich would neutralist the same weight of acid. He said wJ 
that these two weights were equivalent. 

, The £rst to® note fhe relationship was Richter in 1792-^4. He 
enunS^ted the Law of Reciprocal Proportions, which is a special case 
of Jhe i^ore general Law of Equivalent Proportions: The Law ^ of 
Reciprocal Proportions states that 6 ‘the weights of two or more substances 
which separately react chemically with identical weights of a third are also 
the weights which react with each other , or simple multiples of them”* 

* The followihg example may be taken to illustrate the Law;— 

(1) Sodium combines with hydrogen, forming so(%m hydride; 

23 gins, of sodium combine with 1 gm. of hydrogen. 

(2) Sodium combines with oxygen to form sodium oxide; 2,3 gins, of 

.sodium combine with 8 gms. of oxygen. ° f 

(8) Hydrogen combines with oxygen to form water; 1 gm. of hydrogen ? 
combines with 8 gibs. of oxygen. I 

*Here there are two substances (they happen to be elements in this 
<^se) combining with the same weight of a third. Ifthe Law of Reciprocal . 
Proportions is correct it would be expected that the weights of the two I 
elements would be those in which they would combine with each other, / 

• and that is indeed the case. 

It ‘will be seen that as it stands this Law is of limited applicability, \ 
there are comparatively few substances which, combining with a 1 j 
third, will combine with each other. The fact that they do both combine 
with the third element means that they must be s imil ar, in nature, and 
combination between similar substances is not to be expected. 

The Law could, however, be applied through a chain of substances, $ 
and in this way we should arrive at a series of numbers which express 
the weights with which the different elements would combine with each 
other. These weights are known as the equivalents of the elements or* 
compounds. * t 

It was formerly usual to take hydrogen as the standard element" % 
because no element was known which had a smaller equivalent; but for 
various reasons to be stated later, it is now customary to take oxygen 
as the standard (§ 5). if 

Th^ equivalent of a substance is therefore defined as the weight of iftfjjL 
ffifyich will combine with or displace 8 parts by weight %f dxygen. ,cm 

The Law of Equivalents states that substances combine together in the * I 

* ratio of their equivalents* 

The most recent values for the equivalents of hydrogen, chlorine, andfl 
silver are 1-0078, 35-457 and 107-880 respectively. These numbers arty 
of great importance as they are fundamental for the determination o#^' 
other equivalents. It £ not always possible to make an element combine 4 ; 

^ with hydrogen, or even with oxygen, but there are few elements whicfcf f 
will not combine with chlorine. Since the equivalent of chlorine, referred! V 
I oxygen, is known; it is possible to find the equivalent of a substance! 1 
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■> by analysing.its compound with chlorine. This method, erf course, makes 
’ use of the Law of Equivalents. # 

The ^equivalents of most elements are based 1 on th3 equivalent of 
^ silver, sincl the chlorides of most elements can be prepared by^puro 
condition, and chlorine can be determined as silver chloride with great 
accuracy. 

5. The Oxygen Standard. — Dalton chose the atom of hydrogen as 
the standard upon which to base the atomic weights (§ 11) of the other 
elements* He Rid this because the hydrogen atom was the lightest.^ ~ 

It so happened that the atomic weights of many other elements deter- 
mined on this standard came out to be very nearly whole numbers. The 
number of them which did so was much greater than that indicated by 
probability, and so Praut, who, by the way, was one of the pioneers of^ 
physiologk&l chemistry, considered that they ought to be whol$ numbers. 

So he put forward his famous hypothesis that the atomic weights- of all 
elements are multiples of those of hydrogen. This gave even mGre 
strength to the view that hydrogen should be taken as the standard. 

If Prout ’s hypothesis were correct, it was considered that it ought to 
be possible to prove by experiment that the atomic weights of all 
* elements were whole numbers and not merely nearly whole numbers, but ^ 
all attempts to bring the elements into this scheme failed. The elements 
copper and chlorine, with atomic weights 63*57 and 35*46 respectively, 
proved particularly recalcitrant in this respect. The inability of the 
theory to covqt these cases proved its downfall. There was, however, 
much more truth in Prout’s hypothesis than was at this time imagined, 
and in the light of the modem view of atomic structure" it has again 
, come into its own. That is another story, and must be taken up in the 
. next chapter (§ 38, 40), y .Vyy ■y' : 

For practical purposes it was found convenient totake_oxygen with 
the value 16*000 as the standard of atomic weights. The reasons for 
this step were: — * 

(1) It is much more easy to obtain compounds of elements with 
« oxygen than with hydrogen, particularly in the case of the metals. At 
, ' the time when atomic weights were being determined with accuracy, 

'"the preparation and analysis of hydrides was a difficult matter,-, As it 
* . wag, on the ba$s hydrogen = 1, the atomic weights of elements 
frequently had to be determined with oxygen as^n intermediary, and 
*this meant that every time the atomic weight of oxygen was redeter- -» 
mined, many other atomic weights had to be recalculated. With the 
atomic weight of oxygen fixed, this would be unnecessary . 

(2) The atoA of hydrogen is very light, and in making comparisons • 

experimental errors are magnified. " ^ 

< At the time when this work? was done nathmg~was known of isotopes,-* 

but it has been found that the glasses of isotopes come out to be more 
nearly who% numbers on the oxygen scale. It is now known that oxygen 
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itself is a mixture of isotopes of masses 16, 17 and f8, the proportion of 
the la»t two being very small. For chemical purposes the naturally 
oecumxjg mixtifre is taken as the standard, but the isotope of m|,ss 16, 

writte^ 16 0, is the standard used iif the mass spectrograph fnethod for 

determining atomic weights. In this method the proportions of the 
isotopes o£ different masses in the element are determined, and the 
atomic weight is calculated from these proportions (§ 41). According to 
the most recent determinations the ratio of a mass on the standard 
i«0 = 16 to tl*at on the standard 0 = 16 is 1 -00027 ^ 0-06002 to 1. 

Tlio discSvtay of the hydrogen isotope, 2 H, is also of importance in 
this connection (§ 43). 

, * 6. The Determination of Equivalents— The accurate detegmihation 

of equivalents is a matter of great importance, since the atomic weight 
of an element is nearly always derived from this figure. If the atomic 
weight of the element on the hydrogen scale is a, and the valency is v, 
one atom of the element combines with v atoms of hydrogen. But, one 
atom of the element weighs a units, compared with hydrogen. Hence a 
'■ grams of the element combine with v grams of hydrogen# The equivalent 

is thus, -. The atomic weight of an element and ite equivalent are 

therefore connected by the relationship, 

* • * equivalent X valency = atomic weight. 

' atomic weight is thus always some simple multiple of $ie equivalent. 

Although this statement has been deduced using the definition of 
atomic weight on the hydrogen scale, the student will find no difficulty 
in transferring the argument to the oxygen scale. 

During last century the most accurate work in the determination 
of equivalent^ was done by Stas, the master of quantitative analysis. 
Stas commenced work by studying the action of heat on potassium 
chlorate. He found the loss in weight that took place when a given 
weight of potassium chlorate\was heated until it gave off no more 
oxygen. He knew that the compound contained six equivalents of 
oxygen, so he could determine Whe equivalent of potassium chloride. 
He foqpd this to be 74*59 (equivalent of O = 8). By finding the weight * 
o&dlver chloride precipitated by^given weight ofpcffcassium chloride he 
found the equivalent q£ silver chlomde to be 143*37. The combination of 
-a known weigh* of silver with chlorine gave him the equivalent of silver, 
107*93. Knowing this, he obtained Ipom his other figures the values for 
potassium and chlorine. V 

* Tiie results of analyses were e^aqjrdinarily %ccurtte, but unfor- 
tunately there wSre tw# systematic errW The first was due to the &ct 
4hat the potassium chldfate contained aVaiall quantity of chloride, and 
the second to the fact that a small quantity of potassium chloride |s 
alw«gm carried, down# by silver chloride Vhen precipitated by silver 
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| nitrate, and this impurity cannot Be removed by •wasting. The work of 
Edgar on the direct determination of the equivalent of chlorine stowed 
the existence of this error; \ ■' 7 ■■■■.'.' \ : "'V 

Some examples of the extreme care which has to be taken to^ftain 
f * an accurate f alue for the equivalent will be given later when w^onsider 

some of the classical experiments that have been carried oul^with £his 
i-; end In view (§ 13). ' 

The determination of atomic weights and of equivalents is, however, 
fast becoming the task of the physicist rather than of tM chemist^ for 
results of as«great a degree of accuracy can be obtained* % # physieal 
methods as by chemical ones. This will be more fully understood after 
reading the next chapter (§ 41 ). 

It will be of value to summarise, at this point, the simpler methods ( 
i that are available in the laboratory for the determination of equivalents. 

Although these yield results of only moderate accuracy, they form the 
nucleus of the more elaborate methods. • 

(1) The dctengination of the volume of hydrogen that is evolved by 
the use of a given weight of metal when treated with an acid, or some- 
times an alkali. This method is now never used for accurate work. 

F -".'v; - ..." " '■ > ■; I 

> (2) The determination of the weight of the substance which will 
5 , combine with Sgms. of oxygen. ■■ ' m 

This may be done either by making a known weight ofrthe element 
into its oxide,, and weighing the oxide, or by starting with a known 
weight of oxide, reducing it to the element, and weighing the element. 

(3) Determination of the weight of silver necessary to precipitate a 
known weight nf the chloride of thh element. 

Thus, to determine the equivalent of sodium, sodium chloride is taken. 
A known weight of the salt is dissolved in water, and silver nitrate solution 
added until precipitation is complete. The precipitated silver chloride 
is filtered off through a quantitative filter-paper, or a weighed Gooch 
crucible, washed, dried, ignited (if a paper is used), and weighed. From 
the weight of the silver chloride thc^ weight of chlorine in the §alt is 
•obtained. The equivalent is calculated by finding the weight *bf n?etal 
combining witi gins, of chlorine X * 

f Alternatively, silver may be taken as flfie standard, and the weight*of 
i, silver required to precipitate a known weight of* the efyjorxde may be a 
calculated. The equivalent of the compound is that weight of it which is 
precipitated by 107*880 gms. of silver. The equivalent of the metal is 
V found by subtracting the equivalent of the chlorine present from the 
ft- equivalent of the chforide. m . * 

/ (4) By displacing another element from combination. 

p Take, as an example, the determination of the equivalent of copper 
F; by adding ^ known weight of zinc to copper sulphate solution. Copper 

■ ;; > ■■ J ' ^ i ] , W. ^ : 
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This unceminty about the definition of the element is quite a 
modtm development, dating from the time of the discovery of radio- 
active disintegration.® It was certainly unknown in the ei^h^nth and 
nineteenth centuries, and at the Sme that Dalton lived the of an 
.elem^^was quite fixed, as also was that of the atomic nawe ^ , matter. 
Two Tn#> chemists who preceded Dalton, Bryan HiggiJs (17; J7-1820) 
and William Higgins (1769-1825) got so far as to suggest that chemical 
combination was due to the union of single ultimate particles of the 
•combining substances, but made the false assumption tlat the ultimate 
partielqg of all substances had the same weight. • 

There can be no doubt that the time was ripe for the atomic theory ; 
many experimental facts were leading to this inevitable conclusion. It 
. was left to Dalton (1766-1844) to propound the theory— the most far- 
roachmg*in its consequences that chemistry has ever known*. 

9. Dalton’s Atomic Theory —Dalton's views may be summarised in 
the following terms:— 

• (1) Elements are made up of atoms, which are indestructible. All 

atoms of the same element have the same weight, and are similar in size 
and shape. ^ y- b' • 

m (2) Compound atoms are formed by the union of elementary atoms 
in simple proportions. 

# Young has pointed out how closely related these statements are to the 

^ews of Lucretius. Thus, the first statement of Lucretius when modified 
to suit the Dalton theory, reads: — . « 

(1) Atoms have different weights, but. the number of weights is 
finite, and there is an infinite number of atoms of each weight. 

All that is required is the substitution of the word weight for shape. 

(2) Chemical elements consist of one kind of atom only. 

(3) Actually the atoms move with a speed very much less than that of 
light. Dalton did not investigate the speeds of atoms, but the velocities 
off molecules of gases have since been determined by the aid of the kinetic 
theory (see 1 121, where a table of molecular velocities is given). The 
most rapidly moving atom moves (at N.T.P.) with a speed no greater 
th^f th$d of a rifle bullet. 

There^ seems to be no doubt that Dalton arrived a 4 his theory oft 
^unoly physical lines, and that*he was very much jMi&nced by Newton. 
IM&on probably h%d these ideas in his mind for some years before 
* making thenfpubli^ and he frequently mentioned the theory, or at least 
isolated points m it, in his lectures. 

The theory explained in a very convincing way the various laws of 
* chemical combination that had already been formulate#!. 

The fact th^j compounds always contain their constituent elements 
^ eembined in fixed proportions follows, since combination can only take 
place between atoms, and these have definite weights. 

If two elements, A and £, combine to form more than oje compound, 
* . • ■ .. * ' ; * ; 
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l the molecules of the compounds must be made up of 1 atom of A + 1 
^ atom of jB, 1 atom of -d + 2 atoms of B, 1 atom of A + 3 atoms t>f B, 

* 2 atoms of A + 1 atom of B , etc. *j£ace the mats of an atom rf A m 
I constant, as is also that of an atom of B } the compounds must oWythe 
I Law of Multiple Bropoitions. # * # 

P 1 When it carre to Gay-Lussac’s Law of Combining Volumes, however, 
Dalton’s theorv experienced difficulties. It was known, for example, 
that one volume of hydrogen combined with one volume of chlorine to 
form two volumes of hydrogen chloride. Dalton’s theory postulated that * 

■ combination took place between simply related numbers of atoms, and 
■ that in all probability, in this case, it was between single atoms. Berzelius , 
indeed believed, as a result of combining Dalton’s theory with Gay- 
Lussac’s Law, that equal volumes of gases under the same conditions of 
, temperature 'and pressure contained an equal number of atoms. On 
applying this hypothesis to the data we have before us, we see that it 
leads to the conclusion that one atom of hydrogen combines with one 
atom of chlorine to form two “atoms” of hydrogen chloride. The con- * 
eeption of an atofa necessitated the possibility of obtaining a single 
“atom” of hydrogen chloride, and hence this single “atom” would 
contain half an atom of hydrogen and half an atom of chlorine. This 
meant that the atoms must be divisible into two halves, and this was in 
direct contradiction to Dalton’s statement that the atom was indivisible, # 
a statement upon which he always laid great emphasis, insteadr of ■ 
looking for the error, however, in the assumption that equal volumes of 
gases contain the same number of atoms, he made the statement that 
gases do not combine exactly in simple proportions, and that whenever 
figures were obtained which agreed with that result, they were due to 
experimental ©rfbr — a most remarkable thing to say in face of all the 
evidence. The correct interpretation of the matter wasr given by 
Avogadro, who pointed out the difference between af oms and molecules, 
and put forward his famous Hypothesis (1811). The latter was, however, 

^ disregarded until the middle of the century, and until this time the 
f whole question remained in considerable confusion. When Arfogadro’s 
Hypothesis was accepted, the molecules erf elementary gases wore 
assumed to be diatomic. r * 

I 1#. AvogadroV Hypothesis. — It must-be emphasised that Dalton’^ r 
I view of the atom was that it was tho smallest particWof a substance that 
could exist, irrespective of whether the substance vjas an Element or a 
compound. It was quite usual for Dalton to talk of an atom of a com- 
I pound. Avogadro, however, recognised that the smallest particle of a 
} compound could r actx^.]ly be further subdivided into its component 
» atoms* and the term molecule was applied to the fmallesi particle of a 
compound that retained the chemical properties of the compound. The 
molecular weight of a compound w the sum of the atomic weights of its 
constituent atoi^s. 
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Avogadro, 4herefore, stated that “equal volumes of gases , under the 
mm& conditions of temperature and pressure , contain the same number of 
molecules”, the sarfie hypothe^was put forward independently by 
a little later. W 

, # At t^at time it was not possible to prove this hypotlfesis by dirg^g 
experiment. £ ’ 

Avogadxo’s Hypothesis was not generally accepted mtil some forty- 
seven years laier, when Cannizzaro revived it. Its fall into abeyance was i 
'dro to the # fact that the idea of the distinction belwem atom and 1 
molecuje was not fully grasped. The Hypothesis has $ow become so 
much a part of our working stock in connection with gases that we do j 
not stop to think whether it is true or not. It has shovja that the 
common elementary gases are at least diatomic, and has provided a 
means gf determining the atomic weights of the gasedus elements, 
which atomic weights are confirmed by many other methods. It is not, 
however, strictly true, for as in the Law of Volumes, upon which it 
depends, there are deviations due to the fact that no gas is ideal. The 
account which has to be taken of these deviations* is fully explained 
in § 128. 

11. Methods of Detemining Atomic Weights.— fho atomic weight of 
an element was defined as the ratio of the weight of one atom of the 
* element to that of an atom of hydrogen, though as Explained above it is 
now usual to base atomic weights on the oxygen standard, and the 
definition then becomes the ratio of the weight of an afym of the element 
to one-sixteenth of the weight of an atom of oxygen. 

At one fime the atomic weight of an element was regarded as one of 
its most important constants, and particularly after the advent of the 
Periodic Law (§11, d) the atomic weight was supposed to be the factor 1 
determining the properties of an element. It is now known that it is not 
the atomic weight that is the important thing about an element, but the 
atomic number. The atomic number is defined as the numerical value 
of the net nuclear charge of the atom of the element, reckoned in units of 
poeitive*charge equal in magnitude to the electronic charge (see § 37). 
IJife i^the number of the element in the series of elements written in the 
order gf the periodic table, taking account of the T yisaing elements 
Ji.e., ascending order of atomic weight with certain departures indicated 
by the properties of the elements). The atomic weight of an “element” 
is not nec€ftsarily # a constant. As stated above ordinary “elements” 
consist of a mixture of isotopes, i.e., elements with identical chemical 
properties but different atomic weights (§ 38). It is true that the com- 1 
position of these isotopic mixtures is always the s^me ^hen the elements ^ 
are prepared^in the usual way, and the atomic weight will therefore 
appear to be a constant; but there is the likelihood that the composition 
of the mixture may alter with the source of the element, and then the lj 
atomic weight would differ from that usually determined. In fact* 
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are known where the atomic weight of an element determined 
|fem some mineral source dependg upon the age of ite mine^l, the 
composition of the isotopic mixture of atoms being different, 

* The atomic weight, then, can no longer be regarded as a fun^ncntal 
1 ■ constant of an element, and although much work has been dope on the* 
accurate deter<pination of atomic weights, this has to a certain extent 
been wasted, since atomic weights have not the significance originally 
assigned tojdiefi. On the other hand, such accurate determinations led- 
to the 'improvement of analytical methods. An accurate knowledge of 
atomic weights is, moreover, essential in the quantitative analyses on 
which the results of most chemical investigations depend. 

We tan "only consider here the fundamental principles of atomic 
weight detcjcrninations. Much of the theory of the different processes 
employed is more fully dealt with in other parts of therbook. 

1. Gaseous Elements. — The atomic weight of a gaseous element 
(with the exception, of course, of hydrogen) is obtained from the, 
relationship m 

vapour density = molecular weight /2. 

Common elementary gases are all diatomic; the exceptions are the inert 
gases. Hence, if the molecular weight is known, the atomic weight is 
found by dividing by two. . XX/ : X ; X 

The relationship quoted above depends upon the validity of AvogadroV* 
Hypothesis. Strictly, the Hypothesis only holds for ideal gases, and no 
gas is perfect. Gases do, however, approach ideality at low pressures, 
and so, the lower the pressure, the more nearly 

true is Avogadro’s Hypothesis and the above . 

relationship. Tjie correction necessary for 
ordinary gases is' explained In full in § 128. The 
student is recommended, however, not to take 
*it into account at this point, but to assume I J ' 

that Avogadro’s Hypothesis is correct. 

The method requires, then, a determination 
of the density of the gas. The exact deter- « . 

njination of the density of a gas can be carried 
out in three ways: y # / \ / * 

» ffiegnaultfsMethod . — This consists simply ( j \ / 

of weighing a known volume of the gas under 
definite conditions of temperature and pressure. 

Regnauit used large glass globes which were 

first! evacuated, $en filled with the gas, the ma _ 2 ._ Result's 

difference in the weights of the globe giving * Apparatus. 

' , fke weight of the gas. The volumes employed • 
fwere about 50 litres, but in these^days of more accurate balances it is 
much more convenient to use small globes* of about 2 litres 
m&ftm legs. * ■ 



It lfMl 


The purpose of 


The vessel is then c« 
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The globe, of which the volume must be known, must first of all be 
verycarefully^ried. pis is done b% repeatedly filling the globe with air 


%Ms pro&ss is to replace any film of moisture on the inside of the glass 
globe with a film of the gas under examination. The glo^e is then hung 
from the beam of a balance and counterpoised by | similar globe, 
-together wife a few weights. This is to compensate! for ^the film of 
moisture Which is always to be found on the outside of the glass globe, 
and also for changes in pressure and temperature in the neighbourhood. 

* The vessel is then filled with gas at a known pressure, usually near 760 
mm., and at a known temperature, usually 0° C. It is then weighed 
' again, the additional weights placed on the side of the counterpoising 
globe being approximately equal to the weight of the gas. 

, Corrections now have to be made for buoyancy. The vessel, first 
evacuated, and then filled with a gas at atmospheric pressure, expands a 
little. When a vessel is weighed in air, the weight obtained is the actual 
weight of the vessel in vacuo less the weight of air displaced. The vessel 
when full of gas displaces more air than when it is evacuated, and con- 
0 sequently an addition will have to be made to 

r|i the weight determined. This will be equal to 

Q * j the difference in volume of the globe, multi- 

plied by the weight of 1 c.c. of air under the 
, i laboratory conditions. 

- h Travers devised a method of determining 

this contraction when the globe was evacuated. 
The globe was placed inside, a closed vessel, 

a with its neck passing through a hole in the 
• stopper (Fig. 3). Also, through another hole 
v in the stopper, passed a calibrated vertical 
: 3 capillary tube. The vessel was completely filled 

:j with water, and placed in a thermostat. The 
S: globe was then evacuated, and as its volume 

~ decreased, the level of the water in the 

___|£ capillary tube fell. 49 the scale, the 

r volume change couid be read off directly. 

FiQ.jjL — # The actual volume of the globe is deter- 

mined by filling it with water and weighing. 
This weight must be corrected for the tempera- 
ture of the water, and for the weight of air displaced by the globe. 
Knowing the weight and the volume of the ga^ the density, in grams 
a por litre, can be calculated. For the propose of molecular weight* deter- 
mination, the density referred to oxygen as 16 is required, and 
<pently the density of oxygen in grams par ” 
determined. The molecular weight is then 

.• . . 
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Hon must be made for the -failure of Avogadro’s Hypothesis, and the 
method of applying this is given in J 1 28. » • j 

.. (b) The Volumeter Method (Guye and Pintza). — The principle <d the 
method is the reverse of the last, the volume of a known weighs of gas 
being determined. \ / * 

The apparatus used by Guye and Pintza in their determination of the 
density of nitrogen is shown in Fig. 4. 

Hie vohjmeJT i>f the globes A and B were determined by finding the 
weight of water Ming them at 0° 0. The volume of the %fead space” 
between the tnarks a and b and the. tap G, and the zero of tSe mano- 
meter 3) were also determined, and the space between the taps E, F and* 
G. Thu tube H contained coconut charcoal, and was first evacuated and 
weighed ai\d then attached to the apparatus by a ground-joint (not f 
shown in Fig. 4). The apparatus which was perfectly^dry, ancfhad been 
filled with the gas several times, was evacuated, and then filled with the 
gas slowly, up to about atmospheric pressure. The bulbs were immerse<$ 


Fig. 4?—Gi|ye and Pintza’s Volumeter Method, 


in melting ice, and the taps F and G closed, the mercury adjusted to the 
zero D, and the pressure of the gas read. The space E, F, G, was then 
evacuated, F closed, and by opening the taps E, G and J, the gas was 
absorbed by the charcoal in the absorption tubejff, th<4 charcoal being 
cooled in a mixture of solid carbon dioxide and ether. When nearly all 
the gas had been absorbed, taps E and G were closed, and the pressure 
of the gas remaining in the apparatus determined.^ The gas contained 
in the spa^p E, F^G, was pumped out and measured, and th^absorption 
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f 

tube removed from the apparatus and reweighed. The weight of the gas 
absorbed by tha charcoal was thus fo^nd. 

Rdhi the difference in pressure before and after the experiment, and 
tho anient of gas left in the “dead space”, the volume of gas absorbed 
was catenated. Its weight was known, and hence the density was 
calculated, corrections being applied for deviations from Boyle’s Law. 

(c) The Buoyancy Method . — A more modem and precise method of 
measuring gas densities depends upon determining the buoyancy of the 
gas,” and employs a micro-balance. The latter consists of a small quartz 
bulb, Q (Fig. 5), of about 0*5 c.c capacity, which is evacuated, and 
'attached to a quartz beam (resting on a knife-edge, K), the motion of 
which is restiicted by two plates, A. A The whole is enclosed in * glass 
case, provided with an entrance tube, fitted with a tap. Tbp apparatus 
is so adjusted that after evacuation, and filling with the gas under tost 
at a known pressure, the end of the beam, B, is at the zero position of a 
$ca!o in a telescope through which the beam is viewed. The vessel is 


"Manometer 

Keg.. 5. — Microbalan.ce (very diagrammatic). 

again exhausted, and oxygen is then admitted to such a pressure that 
the beam is again at the zero position. Low pressures are used, so that 
Boyle’s Law may be supposed to hold with accuracy for the two gases. 
It may readily be shown that if D is the density of the gas, D x the density 
of oxygen, p the pressure of the gas, and p l the pressure of oxygen, 


ffhe advantages of the method are that it requires only a very sn 
quantity of gas, ancl the work is quickly carried out. With a mic 
balance similar to fhat described, the density of radium emanation, 
which only 0*75 cubic millimetres was available, was determined. Asi 
used this apparatus in 1914 to determine the densities of samples 
neon, in attempting t# separate its isotopes. r 
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previously described, being of the fibre suspension type* The buoyancy 
bulb in Fig. 0, had a capacity of 8 c.e., and was counterpoise# by a 
smaller bulb with a hole in it, and’a small sphere of silica. Theinethod 
employed was to determine the ratio of the pressures at which dSrbon 


Fig. 6. — Fibre Suspension Buoyancy Balance (Plan). 

monoxide and oxygen have the same densities. The balance case was^ 
exhausted; and one of the pure gases run in very slowly, jhrough a 
U-tube cooled in liquid air, until the balance floated. Then a final 
adjustment of pressure was made until the balance pointer was <at 
the zero mark. The same process was repeated with the other gas. 
Numerous corrections were necessary, which cannot be described here. 
The following table gives some of the results: — 

Table I. — Density of Carbon Monoxide 

'■ • Approx, pressures 

(mm). Uncorrected A* Correcttdf 

Senes. — ratio. Corrections- raSfo . 


0*87526 

0*87535 

0*87524 

0*87509 


0*00010 

0*000123 

0*000112 

0-000099 


0*87516 

0*87523 

0*87514 

0*87500 


To obtain the molecular weight of carbon monoxide the value of the 
ratio at zero pressure (§ 128) must be obtained. This is done by plotting 
the ratio against the pressure, and continuing the straight Jine to cut 
the axis at zero pressure. In this way, three values for the ra£io at 
'zero pressure fan be obtained from series II., HI. and IV. The vhlue 
from series I. was not considered to b$ so accurate as those*from tfye 

other series. * * 

* 

Table II.— Molecular Weight op Caebon Monoxide 

Mol. Wt. of Carbon 
Monoxide. 


Limiting ratios. 


Froja Series H. and 3H. 

: ; A'fe At. ^iLand IV. 
», „ III. and IV. 


a 



m n(35*5 -f* e) = 31. - 

♦ % 

r^nd M are known, so n can he calculated. Of coffirsd, vapour density 

an a PP roxima te value for M, so tlie nearest 
%mk maabe# to ti^e value obtained is taken as the valency. The 
atonue weight is then obtained by multiplying the accurately deter- 
mined equivalent by the valency. 3 

spSfin faLlTfl* a result of th«ir researches on the 

kj iisspecific Lest is equal to 6-4. The’La-w o|ly holdsfo^nStabfand 
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Bh& molcmlar weight of the carbon monoxide was calculated from 
the ntio by multiplying by the molecular weight of oxygen (32), 
Takkigthc value for the molecular height 28*011, this gives 12*011 for 
the atomic weight of carbon. 


, (|) iBder certain circumstances the methods described in § 12 for 


finding thl vapour densities of compounds may be applied to elements. 

2. Liquid Elements. — There are only two liquid elements (mercury 
and bromine), and the atomic weights of these are best determined by 
c&nvprting^hem into vapours and treating them as gases, ‘or else by 
taring sopje of the methods for solids. „ 

. 3. Solid Elements. — The relationship used here is equivalent x 
vakney = atomic might (§ 6). It is necessary to determine two things: 
■first the equivalent, and secondly the valency. Since the valency is 
always ai^ integer, it is clear that the accuracy of an atomic weight 
determination basdd on this expression depends upon the degree of 
accuracy with which the equivalent is determined. As this deter- 
mination can be carried out with all the accuracy of quantitative 
chemistry, errors in atomic weights arising from this c&use are small 

The more difficult task is to decide the valency of %e element. There 
,are several ways of doing this. 

(a) The Vapour Density Method.— la this method the molecular 
1®dgbt of a compound of the element is determined. This can be carried 
out most conveniently by Victor Meyer’s method pf determining vapour 
density (§ 12). For this purpose a compound must be chosen which will 
vaporise at as low a temperature as possible, and also is not decom- 
posed on valorisation. As a rule the chloride is the most suitable 
compound. 

the element A has a valency n. The formula' of its chloride 
** ApL^and, if a is the atomic weight of the element, the molecular 
weight, if, of the chloride will be a -f 35-5 n (since the atomic weight of 
cMorte is 85*5, approximately). If e is the equivalent, a = e x n. 

Ipppi 

en + 35-5 n — H 
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enough to enable a trustworthy figure for the atomic weight to be found 
without further and more accurate evidence. Its chief use is to deter- 
mine the valency of an element, of which the equivalent h$s boon 
determined with all possible accuracy. The Law is more fully dismissed 
m §142. * / . • 

As an. example, suppose that the equivalent of a metahnas been 
determined by combining it with chlorine, or by precipitation of silver 
chloride by the chloride of the metal, the following results being 
obtained: 4-876 gins, of metal combine with 1-000 gm! of chlorinef. 
Owing to thg difficult volatility of the chloride, or for ofher # reasons, 
it is decided to apply the specific heat method rather than find the # 
vapour density of the chloride. The specific heat is found to be 0*032/ 
From/th© first observations, the accurate equivalent of the metal is , 
1-376 X 35-457 = 48*788. The rough atomic weight is givgn by the 
ibrmula, atomic wight X specific heat = 6*4. This gives for the rough 
atomic weight, 6*4/0*032 = 200. It is clear that the only value for the 
valency which will bring the atomic weight anywhere near this figure 
is 4, and so the amurate atomic weight is 4 X 48*788 « 195*152. 

(c) Use of the Law of Isomorphism . — The Law of Isomorphism, which 
Js dealt with more fully in § 154 , states that compounds which have 4 
similar chemical fomm.be have identity of crystalline form (i.e., they are 
isoraorphous compounds, which will form mixed crystals). 

Thus the three oxides, ferric, aluminium and chromium (Cr 4 Cf 3 ), 
are isomorphops; they 6ccur in the same crystalline form, and can 
sometimes replace each other in minerals. The formula of aluminium 
chloride is easily found from the vapour density, since this*substanee is 
readily volatile, and Victor Meyer's method can be applied. The 
formula obtained is A1Q 3 , when determined at high temperatures, and 
the formula of the oxide must be A1 2 0 3 . Sine© the othqr oxides are 
isomorphous with alumina, ■ their formulae must be Fe 2 0 3 and Cr 2 0 8 , 
and from the percenta ge compositions of these oxides as determined 
by analysis, the atomic weights of iron and chromium can be 
found. " 0 * 

Isomorphism has proved most useful in correcting atomic ^weights. 
Tfhus, before 1£36, silver was supposed to have the atomic weight 216, 
whilst that of copper was taken to be 33*5. Dumas, In studying the 
sulphide minerals of copper and silver, found that tljp minerals chalcoci^e, . 
Cu*S, and acanthite, silver sulphide, then written AgS,*were isomor- ■ 
phoufl. For various reasons the figure 63*5 was regarded m correct for 
copper, and hence the formula of silver sulphide was Ag 2 S, and the 
atomic weight of silver 108 . 

Ope of the beet examples was the application isomorphism to the 
determination of the atomic weight of vanadiufn by Boseoe in 1868. « 
BerzeliuB assumed in 1831 that* the oxide of vanadium was V0 8 , and 
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ftaty years. ftammelsberg in 1856 pointed out that the following 


lue lanmua'bi the last compound is that based on the Berzelius figure 
forthe vykafcy of vanadium. It is clear that while the first three minerals 
Jwve analogous formula, the last is quite different. Yet all these com- 
pounds are amorphous, and hence their formulse should be similar 
, Mui the valency of vanadium should be 5. ° ’ 

Eracoc; showed that Berzelius had actually mistaken an oxide 
VO for the element itself. 1 The formula which had been written 
Fb,V ? d»Cl, should therefore have been Pb 5 (V0) 3 0 9 Cl or Pb s V 3 0,,Cl 
Working with pure compounds he obtained the atomic weight, 51-4. 

Beryllium behaves in many ways like aluminium/- and was’ at first 
assigned a valency of three, and an atomic weight of 14*1. But 
- found that it should appear in Group II. in the Periodic 

iatfce, and should therefore have a valency of two. The atomic weight 
f# « H ?’ 4 ‘ 11153 alteration was made by Mendeleeff, and was 
b f th& d f terrnj n ation of tke heat of the element 

JT biga temperatures, by the discovery by 'Mallard that the oxide 

Sff ’ T** zhc oxidc > and must therefore have the 

7 detOTQination of the vapour density of 

_aeatomie we%ht of zirconium was believed to be about 67 for some 

tte formula Zr0 * *0 tie oxide, but later 
* * 5°?; 1 iowever, gave the oxide the formula ZrO. 

^eropow desffirty of the chloride was determined by Deville and 

STwS£ H 3 a fK mf S° d ' J aild foundtobo 816 < air = 1). The mole- 
cui&r TOiglit of the chloride must therefore be 8*16 x 28*8 = 236 

ES? 06 ^ densitj ; of air <° = W) fe 14-4. There must fe 
* ^lome atoms m the molecule., since the rawoonr +xr 

.? ** «%. of tte compound L 

mu, KrKcdT. tto • w tie eq “ vaIent ’ 

compounds 

Bcto vST 4 ZirCOnium must tiemfore be the same as 

if., \ *Oj, when the Berzelius error 


■ 



rtasnum sulphate, K 2 S0 4 , and potassium aelenate* of whfch th( 
naula must therefore be KjSeO*, were isomorphous. The amodftt oJ 
Ionium in a given weight of the selenate was determined, arid hence 
e atomic weight was found. $ * 

(d) The Periodic Table. — The Periodic Table is a method of class! 


classification of the elements have been proposed, btft most have 
proved unsatisfactory. The Periodic Table is by far tbfl laost satis- 
factory classification. * 


the central element was the mean of the atomic weights of t% extreme 
elements. Tims, the atomic weight of bromine (according to modem 
standards) is 79-916; the atomie weights of chlorine and of iodine are 
35-457, and 126-92, respectively. The mean of the last two is 81-188; 
which is not greatly different from the figure for bromine. The Law, 
which is called the Law of Triads, may also be tested with lithium, 
sodium, and potSssium; calcium, strontium, and barium; sulphur, 
aefeniiun and tellurium, and others. 

Dobereincr noted also another type of triad in which the elements 
were closely related, but possessed atomic weights very close to pdbl 
other. Thus, iron, nickel and cohalt, form a related series, but their 
atomie weights* are 65 - 84 , 58 - 69 , and 68 - 94 , respectively. 

In 1863, Newlands found that when ho arranged the -elements in 
order of ascending atomic weight, commencing with hydrogen, every 
eighth element^ommenced a new series, the properties of the f .Wnfa 
at the same places in the various series being similar. Thu^; — 


This relationship ho called the Law of Octaves. It was found, however, 
that it was not true for the elements of higher atomic weight, ft c$n be 
seen that even in Ahe throe series gjven above there are certain 
anomalies, iron, for example, being classified with oxygen and sulphur. 

The law found little application, but in I860 Mentfelfeff, 1 quite 
independently of Howlands, put forward a law which was really an 
extension of the law of Octaves. This Law, known as the Periodic Law, 
may be stated a$ follows: — , 

TM properties of %e elements are periodic fmetionte of t&e aiowm 
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Mesjddfef arranged the elements in series to show this ^riodie 
rec^eein^opert ies. Hydrogen had no analogue amon^ the other 
efaAntg, and was therefore placed in a group by itself. Then followed 
the first and second series, each comprising seven elements (since the 
discover* of the inert gases, there are now eight elements m these 
series). MendefefF then found it necessary to have a long series, which 
consisted of two short series joined together by the chain of transition 
Hi and Co), making together 18 elements. This was 
-.j, and this again by a series of 32 
required to finish the table'is incomplete. 

i on the preceding two pages. This has been 

alTthe elements at present known, and therefore 

a lengthy discussion of the Periodic 

; ‘ ’ For our present work, it 

the vertical columns are found elements 
horizontal series 


elements” (e's Fe, 
foltowe<|. 6/ a similar long series, 
dements. The remaining series 

A copy of the Table 1 is given 

; - ' ; ' • :*3 if; all - 

diffeni considerably from that proposed by Mendeleett. 

It is not our purpose to enter into ~ 

Table, as this is part of Inorganic Chemistry. 

is sufficient to notice that in t — 

th*t. are more or less closely related, and that in any _ 

the valency with respect to hydrogen increases from 1 to 4 (in Group 
IV.) mid then decreases to 1 again. With respect to o'xygen, the valency 
xtey increase all the way along the horizontal series from 1 to 7. In 
statements, the elements in Group VHI. are omitted, and it 
should be noted that there are some exceptions. 

When Mmdeleeff constructed the Periodic Table he found it necessary 
to pat seme elements in different groups from those into which they 
would haw fallen according to the values of their atomic weights, in 
ptier to place them with elements with which thear properties were most 
hi accord. Thus, the element indium had always been supposed to be 
bivalent, apd to have an atomic weight 75-8. Its bivalency would bring 
if into G»«p II. with zinc, but this place is already occupied by 
strontium, and there is also no room for it between arsenic (75) and 
selenium (79). The atomic weight was therefore considered to be wrong, 
and on determination of the specific heat of the element, its atomic 
weight was found to b© 114-5, confir m i ng MendeltofPs view that it 
should be placed in Group HI. , 

, As stated above, the atomic weight of beryllium was also corrected 

(e) The Physical Method.— In. this method, the relative amounts and 
respective atomic ^weights of the different isotopes present in an 
element are determined. Within recent years it has become possible to 
determine atomic weights in this way to a degree of accuracy equivalent 
to that obtainable by ordinary gravimetric analysis. It has the addi- 
tional advantage thlt only a very small amount of the element is 
i this Table is based on one proposed by ,T. S. Wheeler (Chemistry and Industry 
1^47. p, *>39}. * 

'* Foi a mow complete aceount, the strident is advised to see Taylor’s 
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for a icfermiimtioiij and the gubstaiice used need not fog pure. 
Tfee k ilMOTb^l la later (§41), m t / 

18* Methods of Itetemmmg Vapour Densities,— In § 1 1 the d&ter- 
mination of vapour density lias been referred to as being important in 
finding atomic weights. It is also a very valuable method of hiding %he 
approximate molecular weight of a substance in the gaseous state. 

The vapour density is the ratio of the masses of equal volumes of the 
vapour amLof oxygen, the latter being taken as 16 under the same conditions 
of temperature and pressure . • * 

(a) Victor m Meyer*s Method. — There are several methods of deter- 
mining vapour density, of which the most frequently used is that due" 
to Victor Meyer. In this, the volume occupied by a known weight of 
vapour is d* 

One form of the apparatus is shown in the accompanying figure 
(Fig. 7). A long tube usually made of glass, but sometimes, when higher 
temperatures are necessary, of porcelain, platinum, or quartz, has a 
bulb at on© end. 'Jfak tube is the one in which the substance is vaporised.. 
It is surrounded by a jacketing tube made of suitable material. A 
copper tube, evei? for comparatively low temperatures, m much more 
useful than a glass one, although the latter is 
more commonly •used. The outer jacket m 

contains some liquid boiling at a considerably 1 * # 

higher temperature than.the substance to be J| r~ 
placed in the fhner tube. Where a liquid is 
used, of which it is not desirable to allow the • 

vapour to escape into the air, a condenser 
may be fitted. side tube is attached to the 
inner tube, bent as shown, and passed under 
water or mercury in a trough. A graduated • f 

tube is filled with the liquid in the trough, and 
inverted in it, over the end of the side tube. 

The substance is introduced into the vaporis- J m 
lag tube in a small bottle of the shape shown. I \ 

First, the inner tube is dried thoroughly, and * * 

a little asbestos gad jpl&eed at the bottom to J I * # 

break the fall of the bottle when it is put in. / \ * 

A liquid is placed in the outer jacket and r m ) 
heated to boiling until no air bubbles appear 
in the trough. While this is going on, the 

small tube is weighed, filled with the sub- Fig. 7, — Apparatus for 
stance under investigation, and weighed lector 3$py©Rs Method of 
agabt The difference gives the weight of • etennin ^ t |^ poiir I)dn ’ 
substance taken. The stopper of the vaporis- 



Fio. 8. — Dumae’ Apparatus for 
cWerraiiung Vapour Density. 


th» bulb is sealed off; care being taken to preserve any glass Which 
may have been removed from the end. It is possible to seal the bulb 
without removing any glass. The bulb is novr filled with the vapour of 
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tube re-cloeed. The stopper is immediately blown out by the pressure 
of the *apoar and bubbles of air are collected in the graduated tube. 
The total volume of air pushed over is the volume of air displaced by 


of the room be f 0., and atmospheric pressure P mm. If the pressure 
of filter vapour at tins temperature is p mm., the actual pressure of the 

iiridfcsffifo is P p mu* 

•The competed volume of air is V c.c., given by 

; r m{P -p)v ; ' ■ 

V 760 (t + 273)* ; 

" : . w 

Hie density of the vapour in grams per c.c. is 


The molecular weight of the vapour is 22,414 X 


(b) Dumas' Method . — This 
method consists in finding the 
weight of a known volume of 
vapour. 

A large bulb of the shape shown 
in Pig. 8 is taken, and weighed 
full of air. It is then slightly 
warmed with its mouth under a 
little of the liquid in a dish. On 
cooling a few^.o^ot the liquid will 
be sucked into the apparatus. The 
bulb is then placed in a heating 
bath, and is conveniently held 
down by an iron ring, as shown in 
Pig. 8. The liquid in the heating 
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bulb, tho end m broken off under water, when the water rushes in, m 
the vapour will now be under considerably jeduce4 prewjjfe. On 
reweighing tho bulb the weight of water which it contains eari readily 
be found, and hence its volume. Tho temperature and pressure have 
to be taken (i.) when the bulb is full of air, and (it) when |h© buH> ts 
filled with vapour and is about to be sealed off. 


Calculation. • 

Weight of bulb full of air = 4Pgms. * 

Weigfit of bulb full of vapour = w gSxs. 

Weight of bulb full of water = W t gms. 

• Temperature at commencement ^ = t° C. . ; 

Pressure at commencement = p min. . # 

Temperature just before sealing off * *= T°t3. 

Pressure just before sealing off = P mm. 

Volume of air filling bulb at 1° C. and p mm. = W % - If 00 . 

„ . • . 273 p(W t - If) T/ 

Corrected volume = — — -f -— ~ c.c. « V c.c. 

• 760 (t + 273) 

The weight of this volume of air = [r 

0*00129 Fgms. * 

Hence true weight of vapour filling A * • 

bulb = w - W + 0 001*29 V gms. But Thermometer 

this filled the bulb at T° 0. and P mm., , 

and the volume of the vapour corrected pi A H ill B 

to N.T.P. will be [j J l 

Zl2P(Wi- W) rr * 1 [L 

; — i — — t c.c. = V% c.c. B* 

760 (T + 273) 1 < I 

Hence density of tho vapour at N.T.P. " 

^{w - W+ 0-00129 V)f¥ 1 gim./e. 0 . 

The error should not exceed 2 per cent. 1 J 

A more modern form of the apparatus * m 9 

’is shown in Fig. 9. This works on \ / # • 

essentially the &m$ principle, and tho* # * 

results are calculated in the same way. ' 

The wide outer vessel contains a liquid 
of higher boiling point than that of 
which the vapour density is required. 

The vapour of this liquid heats the bulb, and is condensed by a condenser 
attached at A. The temperature is read by iT thermometer passing 
through the lid of the vessel This is a convenient form for carrying . out 
determinations at the Mgjier temperatures. 


Fig. 9*— Modified .Form of 
Dumas’ Apparatus. 
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„ Jmown weight of the liquid into the vacuum at the top of a barometer 
mmxMd by % heatiqg jacket. The liquid evaporates and its volume 
“men Ae* bV the depression of the mercury. 

■ The arrangement of the apparatus is shown in the accompanying 
dtoffam (Fig. 10). A small tube (that used for the Victor Meyer 
determination may be used here) is weighed empty, and then Med 
with liquid. It is sometimes possible to pour the liquid into those 
w^las but itthis k not possible, the filling is easily accomplished by 
warning a kittle with the mouth of the bottle under some of the liquid 
in a dish? On cooling, the liquid is forced in. A piece of glass tube 
drawn out to a capillary may also be used as a pipette. The bottle is 
them introduced into the .graduated barometer tube, the height ef the 
mercury having been noted. When all the liquid has evaporated, the 
iBcreurv vTitl reach > constant level, the height of which is again read. 
Ho difference between the two gives the pressure to which the vapour 
is subjected, and the volume of the vapour will be the total volume 
of the space above the mercury. The temperature -will be that of the 
heating jacket-. The corrected volume of vapour is found; its weight 
. is known, and hence the density can be found. e 

Condenser Calculation. 

* * ■ | Weight of bottle, empty = IF gms. 

1 II Weight of bottle filled 

A with liquid = w gms.. 

ft - Hence, weight of liquid 

' taken = to - W gms. 

K "'rp Volume occupied by 

5 : vapour = V c.c. 

Pressure = H ~ h mm., where II is the 
initial, and h the final height of the mercury 
in the tube. 

|| ^ Temperature = T° C. 

M AX Hence, corrected volume of vapour = ' 

* S □ - !«£4!o,/-f 1 c,. 

’ m W 760 (T + 273) 1 

mm * „ weight of this 

yJI WB L ^ volume = w - W gms. 

Hence, density =»(«;- W)/V 1 gms./c.c. 
Kji iJLS Mfe The molecular weight of the vapour will 
iBg VgpG-nrDeEfflty. r ^ be giv^by^,414 X D, where D is'tbe 


ft 
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suffers from the disadvantage that, in its ordinary form at any rate, it 
cannot be used for determining vapour densitie| at high tempegitiires. 
In another method of determining vapour density, making me erf the 
glass-spring temimeter, the pressure exerted 
when a known weight of substance is vaporised 
at a known temperature is determined. The 
apparatus is shown in Fig. 11. The vaporisation 
bulb, A, p made of glass, or preferably of 
quartz, and has a flattened spiral tube, B, 
attached, whfeh is connected to a quartz thread, 

Cl The spiral tube and thread are surrounded 
by a glass vessel, which can be exhausted, and is 
supplied wijdi a manometer. The volume of the 
bulb, A, is determined in a separate experiment, 
and a .known weight of substance is placed in it. 

The bulb is then exhausted and sealed. On 
heating in a thermostat or furnace, the sub- 
stance vaporises, and exerts a pressure which 
tends to open out the spiral glass spring, and 
causes a movement of the quartz thread, which 
can be observed # through a telescope, or by 
means of a mirror, M, attached to the end of the 
thread. By admitting air to the vessel sur- 
rounding the, thread and spring, the pressure 
inside and outside the spring may be made the same, wheq the pointer 
will return to its zero position. The pressure of air admitted is measured 
by means of the manometer, and gives the pressure inside the bulb.' 
The temperature to which the bulb is heated must be determined 
accurately, and this is best done by means of %platmuih resistance 
thermometer, or a thermo-couple. The mass of vapour is known, and 
also the pressure it exerts when confined in a known space, so that the 
vapour density is readily calculated. 

13* Some Classical Experiments on Combining Weights and YoIum.es. 
* L Composition of Wateb by Weight. — (a) Dumas * Method * — The 
rather difficult r wprk # of finding the ratio in which hydrogen and oiygen 
combine by weight was fkst taken up b/ Dumas In 1842. A diagram of 
the apparatus is given in Fig. 12. * 

Hydrogen was made by the action of dilute sulphuric acid on zinc. 
The gas was impure, and an elaborate system of purification had to be 
devised. The gas was passed through a series of seven U-tubes con- 
taining (I ) lead nitrate, to remove hydrogen sulphide; (2 j^rilver sulphate, 
to remove arsine, stibine, etc.; (3) three tubes containing caustic potash, 
to remove acid vapours; and (4) a tube of concentrated, sulphuric acid 

^ ~ -irtU-V*'s4- jrtrtpS /’ll iOt <4*jn I 
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Flo 12 .— Dumas’ Apparatus for determining the Composition of 
Water by Weight. 

wished before the experiment were reweighed at the end, the difference 
jrftifflathe height of water produced. The copper produced was allowed 
to cool in a stream of hydrogen, and the bulb was then disconnected, 
exhausted and weighed. The difference in weight of this tube before 
and after the experiment gave the weight of oxygen removed, and winch 
wm now in the water. By subtracting this weight of oxygen from the 
weight of water produced, the weight of hydrogen in the water was 

obtained. * / . 

rmu* « a mean of nineteen, experanents, was:— 


Per cent, by weight. 


flay gw 


; Urns aw several sources of error in this experiment:— 

; 41) A quantity of air, dissolved in the sulphuric acid used, 
j' pw d on with, the hydrogen, and the oxygen prasefib consequently 
•combined with some of the hydrogen in the hot copper oxide tube. r 
' {2i The copper, on cooling in hydrogen, absorbed some of the gas. 

: ($}, The drying of the gas with concentrated sulphuric acid produced 

sulphur dioxide, which on passing over the hsajedoogper , oxide 
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with hydrogen lost its oxygen, water being formed, the sulphur remain- 
ing combining with the copper to form cuprous ijulphid*. / 

S0 3 + 2H 2 = 2H 2 0 + S, h n 

2Cu + S — Cu 2 S. H j 2 § 

Various improvements have been made in this 1 1 ji 

method. Keiser used hydrogen adsorbed in A JF A 

palladium^ The gas was pumped over heated . f j :/ . 

copper oxide, the water formed being weighed. a « • a 

The weight df hydrogen used was obtained by ; e *’ e • 
weighing the palladium before and after the 1^ /1 1 

experiment, and thus it was not necessary to Tj [ p p[ T 

weigh the <jopper oxide. ' 

(b) Morley’s Method. — The classical experi- . *| 

ment of Morley for tho determination of the | i 

composition of water by weight is now taken as 5 3 

providing the most accurate ratio. Indeed, it i* 

has been said that this is the most accurate v||St8 

chemieal researchwer carried out. 

The gases, hydrogen and oxygen, were very Fiq . i 3 ._ MorIey . s 
carefully purified.and weighed in glass globes. Combustion Tube. 

A tube was constructed of the form shown in •• 

Fig. 13, which has two drying tubes, aa, and two platinum jets? pp. 
The tube was exhausted and weighed. Tho gases were then passed into 
the apparatus, one down one side, and one down the othpr, and they 
were ignited at the platinum jets by passing sparks between the 
electrodes, ee. __ During the combustion, the tube was immersed in 
cold water, and at the end of the experiment it was placed in a freezing 
mixture to freeze the water produced. The excess gas was Ihen pumped 
out of the apparatus, being dried on its way by the drying tubes, aa, and 
was analysed. The total weight of hydrogen and oxygen used was found 
to agree with the weight of water formed. . 

The mean result of twelve experiments was: — 

■* • 

* , hydrogen: oxygen = 1 : 7-9396 . » 

• • == 1-0076 : 8-0000 

• "m . * 

(c) Noyes' Method. — This method, which also "gives yery accurate 
results, was developed by Noyes in 1908. The apparatus is shown in 
Fig. 14. Pure hydrogen was prepared by the electrolysis of barium 
hydroxide solution in an apparatus somewhat similar to that used by 
Burt and Edgar son* time later in determining tjje volqjnetric imposi- 
tion* of water {Fig. 15). The^gas was passed into a tube containing 
palladium, the tubo having prev io usly been exhausted. Pu re^oxyg ^, 

tube eontftiSing i3m palladium-hydrogen was heated. Combination of 
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tie hydrogen and oxygen took place, with the formation of water, 
which igms collected in a cooled tube, weighed before and after the 

reaefifeffl. The gases left in the tube were pumped off and weighed. The 

weight of hydrogen in the water was given directly by the difference in 
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. . ■ . Fio. 14 . — Koyes’ Apparatus. 

wight of the palladium before and after the experiment, whilst the 
weight of oxygen was obtained by finding the weight of water, and 
'subtracting the weight of hydrogen from it. As a mean of several 
experiments, the ratio of the weights of hydrogen to oxygen in water 
«u found to be 1-0078 : 8. 

2, "The Comtositiox of Water by Volume.— This was a somewhat 
easier problem than the determination of the gravimetric composition, 
and consequently we find it was investigated much earlier than the 
latte*. In 1781, Cavendish made a determination using the explosion 
method, and obtained, as a result, the ratio hydrogen : oxygen = 202 : 
100. In 1801, Nicholson and Carlisle discovered that water could be 
deeomposedhy passing an electric current through it, and Gruiekshank 
collected the gases and found the ratio of their volumes. 

Gay-Lussac and Humboldt, in the course of their experiments on the 
combining volume® of gases which ultimately led to the Law of Gaseous 
Volumes, found the ratio hydrogen : oxygen to be 199-89 : 100, and 
Bunsen found 200 : 100. 

The most accurate of the experiments made on the .determination of 
this combining ratio during the last century prere those of Alexander 
Scott, between 1887 and 1893. The hydrogen was obtained by passing 
steam over sodium; and the oxygen by heating silver oxide. The 
purified gases were exploded, and the ratio found was hydrogen : 
oxygen «= 200-285 : 100. 

. By converting the ^eights in Morley’s experiment 'to volumes by 
met ns of the known densities of the gases, the ratio obtained* was 
200 - 200 : 100 . 

The most accurate research earned dut for^he determination of the 
vtteaetri© §oraposiiion of water was that of Burt jujjd Edgar (1915). 
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The gases wore obtained in a specially pure state by the electrolysis of 
barium hydroxide solution in the apparatus shofm in Fig. 15. 0 


Fig. Ilf.— Burt and Edgar’s Apparatus for the Preparation of Pur© 

Hydrogen. . v't:';; 

J ': l; ... .■ ■■ ' v.' ' '* ' , ■: J • V 1 . ’■ ■■ ..V, !.v. ' W. r-' 

The hydrogen was dried by passing over caustic potash and phos- 
phorus pentoxidg, and then further purified by one of two methods: 
either by passing the gas over coconut charcoal cooled in liquid air, 
which absorbs oxygen and nitrogen, but hydrogen hardly at all, nr by 
passing through a tube containing palladium Mack, which causes the- 
combination of any oxygen present with hydrogen, to form water 
eatalytically. The gas was then passed through a palladium membrane 
heated electrically. Thisis permeable to hydrogen, but not' to any bther 
gas. * 

The oxygen was prepared in the same apparatus, being passed out 
from the anode side of the, U-tube, liquefied and fractionated. 1 Another' 
method was sometimes used to obtain the oxygen, viz., the action, of, 
heat on pure potassium permanganate, washing the gas with strong 
caustic potash solution, baryta solution, and agaip, with pdfc&sh. It was 
then dried, liquefied and fractionated. 

The gases, obtained in this way in a state of high purity, were passed 
into a special explosion apparatus, for details of which the original paper 
must be consulted. The special advantage of the apparatus was t^e feet 
itfc&t title actual determinations were carried out at 0° &, and under a 
pressure of 1* ajunqsphere, thus avoiding temperature anch pfessure 
corrections. As a mean«o£ fifty-nine experiments, the ratio found wm 
hydrogen : oxygen m 2-00288 : 1 at N.T.P. * * 

It is interesting to not© that the variations in the results obtained by 
these methods may be explained, at least partially, by the existence of a 
heavy isotope of hydrogen, 2 H, and of heavy water. Soma doubt m 
thrown upon tSa accuracy of all the experiments described owing to a 
^ ladf of knowledge of how far the heavy isotope separated from the 
hydrogen used. 

; In ordinary hydrogen?the ratio of the masses of the light to the 

heavy 2 S a ,1ias been given by Rutherford as fjttpd r /L Tb^%S01 mg. of 
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lie mixture will react with, the same weight of oxygen as 6,500 mg, 
of tMfc*H s gm, vhiqh makes a difference of nearly 0*0002 in the 
equivalent* The results of Morley and Noyes are 1*0076 and TG078 
respectively, showing a degree of uncertainty not far from the 0*0002 
mentioned- Presumably the preparation of hydrogen by electrolysis, 
or by the action of acid on zinc, lowers the proportion of 2 H 2 or HPH 
in the gas, for heavy water is obtained from the residues of electrolysis 
experiments^ The effect of adsorption in palladium on the relative 
* proportions of the isotopes may also play some part, 

Z, Mb Work of T. W. Richaeds. — Some of the most accurate 
•determiimtiotts of atomic weights by chemical methods were carried 
out by T. W. Richards at the beginning of the century. He was 
awarded the Nobel Prize in Chemistry in 1014 for Ms work m tills field. 
He and Ifis co-workers at Harvard determined the atomic weights of 
almost all the then known elements, but their work on the atomic 
weights of silver, chlorine, and nitrogen is probably the most funda- 
mental • f 

Richards attained great accuracy because of his attention to detail 
He took the greatest pains to ensure the purity of the chemicals he 
r worked with, going to extreme lengths to remove all possible errors. 
In the determination of the atomic weights of the above elements the 
ftiio* Ag : AgCl, AgOl ; NH 4 C1, and Ag : AgN0 3 were found. For the 
first* pure silver nitrate was obtained by recrystallising the substance 
fifteen times from water, and the substance thus obtained was reduced 
, to ®§ver by^fusion on pure, lime in an atmosphere of hydrogen. The 
' ; silver was dissolved in the purest nitric acid and. silver chloride was 
precipitated by the addition of an aqueous solution of sodium chloride 
which had itself been carefully purified. The silver chloride was filtered 

■ through a Gboeh crucible, washed, and dried. Although silver chloride 
. m one of the least soluble of substances the amount of it dissolved in 

the washing water was determined by a nephelometric method, the 
silver chloride being precipitated by the addition of more silver nitrate 
. .and the turbidity compared with that produced with standard solutions. 

■ - Tfedridd silver chloride was weighed and the ratio of AgCl : Ag was 

■ found iofoe 1 ; 1*32867. ^ e c £ 

: ■ *To obtain the .second ratio, pure ammonium chloride was prepared 
; t by two distinct methods. In the first, ammonium sulphate was purified 
from .organic matte by treatment with concentrated sulphuric acid 
and a little potassium, permanganate. It was heated with pure lime 
and the ammonia evolved was passed into pure hydrochloric acid. The 
' ■ mkMm wm evaporated and the product sublimed. To avoid possible 

quartz vessels were employed, Electric heating was used to avoid any 
, contamination by gases from burned. The sublimation was 

. . carried out |n & closed vessel in an atmosphere of ammonia, and by an 
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ingenious arrangement the sublimate was collected directly in a 
weighing bottle which was stoppered inside the apparatus so th# atno 
stage did the ammonium chloride come into contact with the air. *The 
weighed ammonium chloride was dissolved in water and silver chloride 


silver as mentioned above. 

In the second method the ammonium chloride was prepared from 
ammntiia obtained by reduction of nitric acid. The ratio *NH t Cl : AgGJ 

was found to be 0-373217 : 1. , „ . JM 1 * . * . , 

For the third ratio very pure silver was dissolved m dilute iffimc acid 
in a quartz flask, and the solution was evaporated to dryness in a slow* 
stream of air. The ratio Ag : AgN0 3 was found to be 1: 1 -57479. 

It is possible using these data and the atomic weight of hydrogen* 
determined by Morley to obtain by a simple calculation the atomic 
weights of nitrogen, chlorine and silver. The values obtained by 
Richards were: N 14-0085;C1 35-4574;Ag 107-881. 
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CHAPTER II 

ATOMIC STRUCTURE — PART I 

M. Tte CtondiietioE o! Electricity through Liquids.—The discovery 
of the Voltaic pile in 18-00 marked the opening of a new epoch in the 
Mitoiy of physics and chemistry. The working of the cell itself was a 
matter of great interest, and involving as it did the passage of a current 
ferough a liquid, research was very soon centred on this aspect of the 
subject. Indeed, in the year 1801, Nicholson and Carlisle, as mentioned 
in the previous chapter (§ 13), decomposed water by passing the electric 
current through it. 

The chief investigator in this branch of science,, at the time was 
Sir Humphry Davy, who prepared the alkali metals, sodium and 
potassium, by electrolysis of their moist hydroxide^, i.e. t strong solu- 
tions of the hydroxides. This work was done in the years 1807-8. 
Buying this time, Berzelius and Hisinger, in Sweden {1803-7), had been 
studying the effect of passing the current through solutions of neutral 
using various electrodes, and noting the products. In this way, 
during the first decade of the nineteenth century, a large amount of 
qualhative data was obtained. So far no quantitative explanations had 
hmm given. It 'was Faraday who first established the quantitative 
relationship between electricity and atomic weight in his two Laws of 
Se<*troIysk, put forward in 1834. These Laws state: — 

{!) For Sgmcd quantities of electricity , the amount of decomposition is 
' CmMimmit or the amount of decomposition caused in electrolysis is propor- 
tioned to the quantity of current passed (quantity of current is the current 
xnmMpIied by the time for which it is passed, and is measured in 

(2) For ike same quantities of electricity passed through different 
solutions^ the amount of decomqmition is proportional to the equivalent of 
Me element, or group de.positek . Thus, if the same current is passed 
w«^ively through solutions of copper sulphate, silver nitrate, and 

fee amounts of the metals, copper, silver and lead deposited, will be in 
tit tttto 81*78$ : 107*88 : 103*61. 

* Sklgwtek ha* pointed out that these laws of elbcfcrolysis correspond 
msMf to fe© laws rf constant and multiple proportions. Wcf now 
- fee current is carried through the solution by means of 

which ®m charged atoms or groups. <The above laws may be 
'jmaMm ip mem modem language: (1) the amount Sf dbcfcricity 
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» 

associated with an ion is constant; and (2) if an atom can form more than 
one type of ion (e.g., ferrous and ferric, cuprous and cupric) th^n the 
amounts of electricity combined with the sam£ atom bear a simple 
ratio to one another. 

It folows from the first law that for any electrolyte f . * 

W = Izt, 

where W is the weight of substance liberated, I is the current, and 
the time for which the current flows, z is a constant, called the deotro- 
chemkal equivalent. It is characteristic of each element or group. 

From the second law it follows that one equivalent of any substance * 
will bq liberated by a certain quantity of electricity. This has been 
determined experimentaEy to be 96,500 coulombs (± 0-01 per cent.), * 
and is given the name of “the Faraday”. It was jeund with great 
accuracy by Washburn and Bates in 1912, using the iodine eoulometeq 
in which the amount of electricity to liberate one equivalent of iodine 
was determined. The Faraday was first determined by means of the 
silver voltameter.* 

The value of theJB'araday is an important physico-chemical constant, 
for, as we shaU see later, we can calculate from it Avogadro’s Number, • 
the number of molecules of a substance in a gram-molecule. 

Although it seems so clear, it is surprising that from 1834 until 1881* 
it remained unnoticed that if Faraday’s Laws were true and matter was 
atomic, electricity, like matter, could not be continuous, but must be 
discrete, being made up of small units. It was Helmholtz who first 
pointed this out in his famous Faraday Lecture, delivered before the 
Fellows of the Chemical Society, in London, on April 5th, 1881. He said: 

‘ Now the most startling result of Faraday’s Laws is perhaps this. If we 
accept the hypothesis that the elementary substances aref composed 
of atoms, we cannot avoid concluding that electricity also, positive 
as weU as negative, is divided into definite elementary portions which 
behave like atoms of electricity.” c 

Thus was bom the idea of the “electron” — the atom of electricity. 
Helmholtz did not use this teem. It had, in fact, been stated by 
(?. Johnstone Stoney in 1874, though not published until 1881, that . 
“Nature presents & with $ single definite quantity of electricity which: 
is independent of the particular bodies acted upon. To make this clear, 

I shall express Faraday’s Law in the foEowing terms, which, as I shall 
show, wiE give it precision, viz.: For each chemical bond which is 
ruptured within an electrolyte a certain quantity of electricity traverses 
the electrolyte, vduchds tire same in all cases”. The same person gave 
tb© name “electron’’ to this “single definite quantity of electricity” 
in 1891. ' , ■ * 

AE this, however, was goncenSed with electrolytes, i.e., solutions of 
metaffic raltein water, ami it did not foEow that this unit ofeleetrieity 
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had anything whatever to do wxtb the st o * ' 

dearly irocfe^ood that Fwadays Law tod only to >tbe 
that tltere exists a fundamental unit of electric! y , _ 

gome way connected with valency, for a " 

•bivalent jon two, a tervatent ion three, and so on, of the^ra 
not show at all that these imite'enter into the composition oi 

as we now believe. „ . , , c 

The next step in the unravelling of the structure of matter 


Air Pump 

Low Pressure, 


Air Pump 

« 

* Lower Pressure, 

Fi®, 16. — Appearance of the Electric Discharge through a Gas. 

observations on the conduction of electricity by gases, and the study 
of radioactivity. 

4 $ .'Hie Conduction of Electricity through Gases— The passage of 
the current through a gas was first studied systematically % 

‘F&raday in the years 1836-3S. He then appeared to drop this study 
and did not take it «p again until 1858. When a potential is applied to a 
• gas guch as Hr at (yxliaary atmospheric pressure, the gas behaves as an 
insulate®, and a negligible current passes. If, however, the applied 
' is sufficiently high, and the pressure is reduced, a point is 

,. <" reached when^a current flows, and the tube is filled with a glow — of a 
reddish purple colour in the case of air. This is what occurs jn the 
** ordsi&iy Geisster tube. If the pressure'is still further reduced the glow 
SW; becomes less sjmracriieal, a dark sj<aco, F (F|g. 16), appearing round the 
cathode. This is culled the Faraday dark space, and is separated from 
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DEFLECTION OF CATHODE RAYS 

the cathode by a bluish glow. Between the dark space and the anode 
k & series of striationa, called the positive eoIuimKThp^ stria^cm» f 
more than anything else, attracted sclent Ms to study the dfedmrgo. 
Many thought they were something fundamental, and Faraday thought 
that each Mriation contained a unit of electricity. Still further reduction 
of pressure remits in the formation of a new dark space immediately 
round the cathode, and the striations widen out. The state of the 
discharge in the two instances is shown in Fig. 16. The new dark space 
round the cathode is called the Crookes space. Tf the measure is 
reduced to about 6*61. mm., the dark spaces and the cathode glow 
increase in size and the positive column gets smaller, and ultimately the 
Faraday dark space disappears, as it were, out of the end of the tube, 
as the positive column has done before it, so that the tube is now 
entirely occupied by the Crookes dark space and the cathode glow. 
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There are reveral things to be noticed about the Crookes dark, space. 
It is always bounded by a luminous area. When the boundary is the gas 
in the tube the luminous area is the cathode glow, but when the dark 
space extends to the walk of the tube a bright fluorescence is produced. 
The colour of this fluorescence depends on the nature of the glass. If a 
metallic body k placed between the cathode and anode/lt will cast a 
, welbdefined shadow on the walls of the tube, thus showing that whatever 
it is that produces this effect k travelling in straight lines. If a miniature 
paddle wheel is placed in the space, the wheel will rotate, thus showing 
that whatever is in this dark space will produce mechanical 'motion. 
Them two facte together make it fairly clear that some sort of radiation 
m present, and the name cathode m?ys is given to it. * . 

Tbm cathode rays mil alp produce heating effects; if they strike any* 
object placed in their path they may heat it to redness. If the my® are 
caught in a hollow motel box placed in the discharge tube, and connected 
through the wall of the tube to an elcrtrometer (Fig. 17), ft is found to 
gain. a negative charge, so that whatever there rays may be, they are 
accompanied by ^stream of negative electricity. 

If an external magnetic field Is applied to the -discharge tube in which 
the discharge is passing, the cathode rays are deflected from their path 
In a direction, at right angles, berth fft their own path and to the direction . 
of the lines of force of the field. This can readily be shown by passing the 
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fgy§ through a narrow slit, so that they pass along a zinc sulphide 
mm*x f In whpi they will produce fluorescence. The path of the rays is 
«rfly seen. On applying the field, usually by means of an electro- 
magnet, the beam Is seen to be bent. Considering the direction of the 
Imm of force, and the direction in which deflection takes place, it follows 
from the usual rules governing the effect of a magnetic field on a current, 
that the rays consist of negatively charged particles, if, indeed, they are 
f«t»ife§ a$ all. An electrostatic field causes a deflection, hut in a 
different* direction. If a cathode particle is moving in the plane of the 
paperyaad a magnetic field is applied with lines of force perpendicular 


Pig. 18. — -Arrangement of Apparatus to show tho Deflection of 
Cathode Rays by a Magnetic Field. 


" io this pane, the cathode particle will be deflected at right angles to its 
original path, but still moves in the plane of the paper. When an 
#Iectf«tatic field is applied, with its lines of force perpendicular to the 
the cathode particle is acted upon by a vertical force, which tends 
U lift 4 j r the plane. 

'He cathode rays will pass through thin pieces of metal, the stopping 
power iff the metal being proportional to the thickness and density. 
Jhcy wiUhet m nuclei for the condensation of supersaturated vapours, 
causing fogs to be produced. 

The nature of the cathode rays was for some time a matter, of 
doubt. jDrookes regarded them as a radiant fourth “state of matter”, 
J«| ft ms shown by Thomson, by means of eoq>eriments about to be 
&«crihed f that the ratio of the charge to the mass of the particle wpe 
' the same irrespective of the nature of the gas in the tube. It was this 
that first indicated that the gathode"rays are common 
iOTitftu«st|of all &tmm> 

, , The experiments of Thonron left no doubt that the cathode particles 
were actually electrons. 

Wi m BeeiromagneMe and EhckmMm Units;.— In this chapter we 
atoll tove occasion %quen% to use electrical rafts, and it is necessary to 
1» thoroughly acquainted with the relationships that exist between the 
vwkm systems m common use. There Are two systems of absolute unite-— 
tfc® ikOmtatie (abbreviated to e.s.u. r and ultimately based on the force 
between two electric charges), and the deStromagnetie (abbreviated to 
ultimately baaed on the magnetic force due to § current). The 
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RATIO OF CHARGE TO MASS OF CATHODE PARTICLE 43 

absolute unit* are frequently too small or too large for everyday use, and a 
system of practiced unita is also need; the practical units are obtained from 
the corresponding absolute units by multiplying or dividing the lattorby 
powers of 10. 

Thus, the ampere and the volt are practical units, being respectively 
one- tenth of, and 10 s times the corresponding absolute units on the electro- 
magnetic system. 

When the dimensions of the units on the two absolute systems are 
compared, it is found that the ratio of the electrostatic to the electro- 
magnetic umt is a velocity, the reciprocal of a velocity, or th© square of a 
velocity* Calculation reveals that this velocity is non© other rthan the 
velocity of light, which it usually denote! by e, and is equal' to 3 x M 1Q cm s. 
per mood* In order to convert the electrostatic unit of current into the 
electromagnetic unit, it will be necessary to divide it by 3 x 10 lf . 

The faraday Is 06,500 coulombs. The coulomb is a practical unit, and 
It happens that to bring it to absolute e.m.u. it must be divided by 10. The 
Faraday is thus 0,650 ©.man To convert this into ojguu it must be multi- 
plied by 3 x 10 le f giving 28,950 X 10 xo csm,, the value used in § 20. 

Jin important unit of energy is the electron-volt (e.v.). It is the energy" 
acquired by an electron in falling through a potential of 1 volt. ^ A® the 
charge on the electron {§ 26) is 4*802 x 10" je e.s.u. and the volt is 1/300 
e.g.u. of potential the work don© when an electron falls through a potential 
of 1 volt is 4*802 >* 10-» X 1/300 - 1*001 x'10-» erg. Pot ' practical 
purposes w© use the M.e.v. which is 10® electron-volts. 

Many difficulties which arise in using the e.m. and ©.s. systems of units 
are overcome by adopting the rationalised metre- kilogram-second (m.kj 3 .) 
system of electrical units. This system is becoming increasingly used in' 
text-books of physics. . 

1C Detemmation of the Batio oi the Charge to the Mass of the 
Cathode Particle (e/m).— The detemmmtion of this ratio was one of the 
fimd&mental observations which paved the way for the modem theory 
of the structure of the atom. A knowledge of this constant was 
necessary for measuring the charge of the electron. 

It has already been mentioned that since the cathode particles are 
charged negatively, they are defected by magnetic and electric fields, 
and it was this behaviour that was used to obtain the ratio of the charge 
to their mass. At first, it was possible to determine only the product 
of the velocity (v) of the particles and e/m . If a magnetic field of strength 
if m applied trmm&miy to the direction of the rays, they are bent intfl a 

to strike a zm.c sulphide screen, in which they induce phosphorescence 
Suppose the charge on the cathode particle is e 3 and ite*mass m, the 
magnate force acting on the particles, Hev, xmxst be equal to the 
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The next matter was to discover ih It was thought that this velocity 


The rke in potential indicated by the electrometer in a "given time was 
observed, thus giving the total charge, Q> on all the particles which were 
caught by the box. The total energy, W, of the particles was obtained 
by causing them to fall on a thermal junction placed inside the hollow 
box, WN is the number of particles collected in a given time, we have 


Eliminating N, 


In this way the two values, that of the velocity of the rays and that of 
ih© ratio of their charge to their mass, can be found. The velocity was 
found to be about one-tenth that of light, and ejm about 10 7 e.m,u. 
Tlik wm about 1,000 times as great as the value obtained for the 
hydrogen ion in electrolysis; and so it was apparent that the cathode 
juirtMes probably had small mass, but possessed comparatively high 
velocity! If it could be assumed that the charge associated with the 
cathode particle was the same m that carried by a univalent ion in 
electrolysis it would be passible to calculate m. This assumption could 
IkA aetiu^y be verified untit some time later when the charge on the 
cathode particle was determined separately. If the assumption was 
feme, too mm of the cathode particle was about one-thousandth of that 
of th© hyrkogen atom, 

second method of cletcrminjng v and ejm separately depended 
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hrum was registered. An electric field was applied between the phdea 
DD, Tbs caused the rays to be deflected from their Eo^pal path, and 
the spot of light moved down the strip. Now, by applying a magnetic 
field between the plates DD, perpendicular to the path of the rays and 
parallel to the plane of the plates, the effect of the eloctrio field can be • 
annulled, since the magnetic and electric fields produce opposing 
deflections of the ravs. The spot of light can thus be brought back to its 
original position. The st rengths of electric and magnetic fiejd necessary 
to do this are obtained. It then follows that, if X is the strength of the 
electric field, and the other symbols have their former significance. 

. Bev = Xe t 

or * t? = Xjff. 

The Telocity* of the part Ides thus determined was approximately t&e 
same as obtained in the previous determination. The mine of e/m could 
now be dctermiiiod by applying the magnetic field alone and determining* 
the deflection. A a before, this value came out to be about 10 7 e.m.u. 


Fig. 1 &<— Apparatus for detenmifiog t» and efm of Cathode Particles. 


By varying the gas in the tube, and its pressure, it wag found that 
the Velocity of the cathode particles ms dependent upon both these 
factors, but that e/m was unaffected by either alteration. This provided 
further proof that theVathode particles v%re constituents of all matter* ’ 
Ntuacnraiaft other methods have been used for the of e/m, 

and all confirm J, J. Thomson's result, 1*77 X 10 7 e.m.u. 

17, Positive Bays.— Smce electrons are charged negatively they are 
driven away from the cathode m the discharge tube. There are, however, 
particles which travel towards the cathode £ro«i the^node. These 
eventially strike the cathode and were not mscowed until a perforated 

■could bo lmmU§^smd. ■ Jfos this reason these rays are sometime called ( 
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ticajs in the cathode. It is found that these rays can be deflected by 
mranj) of a magnetic field, but the direction of deflection is opposite to 
thrst observed in the ease of cathode rays, thus indicating that they bear 
a positive charge; the deflection is also smaller than with eathode rays 
* far the same strength of field, indicating that the particles have a greater 
mass. These positive rays are of immense importance in elucidating 
atomic structure. 



Fid. 20. — Production of Positive Raya. 




18. X-Rays —When cathode rays strike any material object, a new 
radiation is given off, which has extraordinary powers of penetration, 
ami will affect a photographic plate. For the production of these rays, 
-’fhkh are called. X-rays, a special tube is designed, a simple type of 
which hi drown in tho diagram (Fig. 21). 

The tube consists of an ordinary discharge tube, -which has been 
ftthanatf-d to such an extent that the Crookes dark space fills it. The 
cathode C m made of aluminium and is concave, thus causing the cathode 
rays to come to a focus at a point F, where they impinge on a piece of 
pla tinum arranged at an angle of 45° to the axis of the cathode, so that 
the X-radiation enjitted at the impact is sent out of the tube. This 
piece of platinum, which is connected to the anode A, is called the 
anticathode. 

Mow modem types of X-ray tube have water-cooled anticathode 
systems, "and the X-rays emerge from a window of thin aluminium foil 
(^j baa.) placed immediately in front of tho anticathode. 

The X-rays will excite fluorescence in certain substances, and parti- 
* tnilarly in zinc sulphide and barium platinocyanide. When X-rays were 
fins* used fe.exanmation of bones, etc., it was always the fluorescence 
effect that was marie use of , the shadow of the bones cast on a barium 
plathweyanid® screen being examined. The photographic effect of 
X-rays has, however, proved much mere convenient for this, as for most 
ether X*ray vprk. I p has the great advantage that long exposures of 
the affected parts arqnot required, thus preventing the risk of homing. 
Abo, the X-ray photograph obtained ran be studied at leisure, and in 





£ riciti ft it it &l**cn exposed y^\c\ 

to the ray a. Thus, if an aluminium / <NV ♦ / 

tube ecmtaining a gas, arid with a / V\^ • 

running through it hut in* j / x^cr \C 

mikteci from it, is connected with UtgZZZT" 1 1 

• t ry and an eh ctromeier, as v \ / /[\ j 

diowxt in Fig. 22, no current flows \. I » \ / 

the tube k irradiated with • . . 

X-rays, but* as soon as the rays / ! V ■* « : 

are switched on* the gas becomes / '• ’ * 

conducting. Fiq. 21.— X-ray Tube (diagrainmatic). 

This |s due to the fact that the 

pajwagft of the X-rays ionises the . # ^ 

ga« l that is, if causes the gas atoms to become positively charged by thb 
removal of electrons. This phenomenon of the lonkation of gases by^ 
jm:mu of X-rays is often used when it is necessary to render a gas con- 
ducting {m in Millikan’s experiment, § 26), and for providing nuclei for 
the condensation 8f supersaturated vapours (as in Wilson’s experi- 
ments, §21). • 

X-rays were once considered to be pulses in the ether (i.&. 3 short 
groups of waves), but they are now known to be a wave motion of 
extremely small wavelength, about 10~ 8 cm. The wavelength of sodiun^ 
light is about 6,390 Angstrom units, one Angstrom unit being X0~ 8 cm., 
so that X-rays have a wavelength roughly 5,000 times smaller than that 
of visible light. The wavelength of the X-rays emitted from any tube 
ctepends upon the nature of the anti-cathode. It has been determined 
by studying the interference of the rays when they fall on a crystal, 
which acts as a thrcic-dimcnsional grating for them, just as a diffraction 
grating is used in optics to determine the wavelength of light. The 
method of carrying out this experiment is described in the chapter on 
the Solid State {§ 134). One o££he most important uses to which X-rays 
have been put is the study ofcrystahine structure. 

When X-rays strike other bodies, other X-rays are emitted from these 
WUes, called soeondwy rays, whilst some are diffusely reflected. The 

Elecfcrcpetef * 



ATOMIC STRUCTURE— PART I 

mtmtkxy mjs m m&db tip of two groups: the (i K Series”, which are of 
mA are peiwiiating, and are called “hard” rajs; 
and till# 4 ‘L Smm**, which are softer, of longer wavelength, and not so 
jwxmtrating. The wavelengths of secondary rays are determined by the 
* dkmmt on which the impingement takes place, being governed by the 
atomic number of the element according to a relationship to be discussed 
Mer {§ 37). The study of these secondary rays has provided a most 
> important jm4hod of deciding atomic structure, and particularly of 
ilmoremg the number of electrons present in the atom outside the 
nucleus. ’ # 

II, EaiioaetiiritF.— Shortly after Rontgen’s discovery of X-rays In 
1S05, 'Bccquercl discovered that photographic plates which lyid been 
placed mm uranium gaits were fogged, showing that some penetrating 
rmimti^n which could affect the plate was emitted by these compounds. 

„ The rays were found to be very similar to X-rays in their properties, as 
they would also Ionise gases, and .induce phosphorescence in certain 
mbstanoM* They were not affected by heat, light or chemical combina- 
tion. Ho matter what uranium compound was used the activity was 
MtlUptmmt. m 

m Two yearn later, Mme. Curie found that thorium compounds acted 
similarly, and investigated also the uranium minerals. Some of these, 
Mm found, were more .active than uranium itself* so that they must 
contain a more active element or compound. After a long process of 
chemical sepiimtion, she isolated two other elements which had a much 
greater activity than uranium. These she called polonium, an element 
related in chemical properties to tellurium, and radium, which behaves 
chemically like barium. 

Other investigators took up the study of radioactive minerals, and 
in 1900 another ejbmcnt, actinium, was discovered by Debierne and 
OmoL. 

Ih© sources of uranium and radium salts are minerals, such as pitch- 
blende Jwfaich was shown by Klaproth to be an oxide of uranium, 


sulphuric add; the solution it filtered through glass wool, when, on 
cooling, it deposits radium and barium sulphates. Badiuim is a im^al of 
Group 11, in the Periodic Table, and resembles barium. Consequent !y*il s 
sulphate is insoluble in water, being, as would be expected, even less 
soluble than barium sulphate. Both are, however, soluble to a limited 
extent in strong sulphuric acid, the acid sulphates (e.g., Ba(HS0 4 ) 2 ) 
being formed. Hence the method adopted for the separation. The sul- 
phates are sow reduced to sulphides by heating with carbon, and the 
sulphides arc treated with hydrobromic acid to convert 4bem Into 
bromides. TheHolution is then crystallised. Eight fractional crystallisa- 
tions are usually sufficient to effect complete separation. 

Radium is a silvery- white metal like barium. The salts resemble those 
of barium m ^finest every respect, but in solution oxygen and hydrogen 
are given off continuously. The dry salts will ozonis# air, an& in the 
da rk they phosphoresce, 

20. Nature and Oharaeteristxcs o! the Radiation from Radioactive 

SsMattces. — The radiation emitted from radioactive substances has 
been shown to consist of three types, which are named a-, /?- and y-rays, 
and which differ considerably in their nature. They have different 
penetrating and ionising powers. The a-rays have the lowest penetrating 
power. The distance they will travel is called their range. They will 
travel for distances of about 7 cm, in air at atmospheric pressure, but* 
they are soon stopped byjany solid body, such as a sheet of paper. 
fi-R&fs are much more penetrating, and will pass through thin sheets of 
metal. As for X-rays, the more dense the metal, the greater is its 
stepping power, and so it is found that ^-r&ys are stopped by lead of 
greater thickness than about 3 mm, y- Rays are still more powerfully 
penetrating, passing through 6 inches of lead. 

The nature of these radiations has been elucidated hv studying the 
action of magnetic and electric fields upon them. The effect of a 
magnetic field on these radiations is shown in Fig. 23. Here it fa seen 
that the effect on a-rays is opposite to that on /toays, showing tfcat they 
are opposite in charge. The effect, too, is greater upon /brays than it is 
ujtftm a-rays, as can be mm by the greater curvature in the forme!* easg. 
This means that the a-rays have considerably greater mass than $-rayg. 
The y-rays are quite unaffected by a irngn^ic field, indicating that they* 
do not possess any electric charge at all. It has beca? shown that these 
rays are actually similar in nature to X-rays, but asm rule, have even 
hotter wavelength. Their wavelength, however, varies, and some 
y-rays possess wavelengths of the same order as those of X-rays. 

21. a-Rays.~The ducld&tion of the nature of <^rays was one of the ' 

of^Lord Rutherford. He showed that they were 
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0-rays 

Fig. 23. — The effect of a Magnetic Field on «, fi and x-rays, 


paced in an outer evacuated tube fitted with electrodes. On passing the 
disetoge, the spectrum of helium was obtained. „ 

' This could, im confirmed % determining the charge on the a-particle, 
and then e^eulaihig the mass m from the ratio e/m. There are several 
w m which this cm be done. jWfcon a-rays fall on a zinc sulphide 
screen they cause phcBphoarcscence, each a-particle causing a definite 
&gh. This has hem made use of in the spinthariscope, an instrument 
dbsciibed in §*125, i# connection with the determination of Avogadro’s 
Number. It is than described how the a-particles can be counted %r 
mimg the number of flashes in a given time. Rutherford derteimined the 
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bared that for the liberation of 1 gm. of hydrogen in electrolysis 96,500 
coulotnbs ares* required, so that this value is just half that for the 
Mlrogen ion. The a-raya were thus particles which were positively 
charged and had masses of the order of atomic mass. There are several 
‘ posabdlties: the rays may consist of singly charged atoms with mass 2, or 
of atoms of mass 4, bearing two positive charges, atoms of mass 6, triply 
charged, and so on. If they were doubly charged atoms of mass 4, they 
would consist of helium atoms bearing two positive charges, i.e., the 
helium nucleus (§§ 29, 35). 

Tbiif last view was proved to be correct by direct experiment. 
Rutherford and Royds sealed up some radium emanation (§31) in a 
thin glass tube .so that the a -rays could get through the walls. This was 


y~ rays 


DC“ 


rays 



a metal screen, the chaige imparted to the latter in the same time. Ho 
was thus able to calculate the charge associated with each a-particle, 
and this mme out to be 9*3 X 10“~ 1CI electrostatic units, which is j$igt 
twice the charge on a hydrogen ion. Since e/m for the a*partiele is one- 
half that for the hydrogen ion, the mass of the a-particle must bo fo||r» 
times that of the hydrogen ion, i.e., its mass corresponds to that of the 
helium atom. The a-partide must therefore be the helium atom bearing 
two positive charges, or the helium atom less two electrons. 

Since the* a particle is emitted with high velocity, andf it| mm% Is 1 
comparativelyj&rge. It possesses considerable kinetic energy, and, hence 
in its jmsstge it Is able to pass right through atoms [the explanation of 
this point will be dear after reading the section on the nuclear theory 
f§ 29) ] with practically no deviation, until Its energy becomes spent. 
Toward* tbefend of its path it may bes deflected by coming hito* contact 
with the electric field of an atom, and this process of scattering of a-rays 
in gases proved to lie the clue which enabled Rutherford to give a* 
picture of the atom. 

The actual paihtof a-partictes through gases has been photographed 
by the ingenious method originally due to 0. T. R. Wilson.-^' When the 
rays pass through a gas, they ionise it, and the ions formed can then act 
as nuclei for the condensation of supersaturated vapours. If air, 
saturated with water vapour and perfectly free from dust is suddenly 
cooled, no water droplets settle out; the air simply becomes super* 
saturated with water vapour. If now a radio-active source emitting 
m-mys is placed in or near the vessel, the paths of the a-rays through the 
gas are made evident by a line of water droplets, which can* be photo- 
graphed if the vessel is Olumhmted. The photographs of a-ray tracks 
obtained In this way (Plate Xa.) Indicate that a-rays pursue a straight 
course until very near the end of their tracks, when there#may be a 
deviation from, the path, which shortly afterwards ends suddenly. 
Where the deviation occurs, there is a slight spur, which Is due to the 
recoil of the atom which has collided with the a -parti cl©, and from the 
direction of this spur and that of the a-partide, the relative masles of the 
atoms can bo calculated approximately. * # 1 m 

# The tracks of a-rays which can thus bo made evident to 0114 senses 
provide a proof of the Existence of single atoms. In watching the trac% * 
of an a*ray we am really watching the motion qf a single charged 
atom. ■ ^ * 

8 & /Mtajrs, — ; /?*Ray$ are more penetrating than a-rays, and are 
&lt» lighter. They move with a much greater velocity, and have been 
shown to consist *>f electrons, The mass of an electron of low velocity 

t a bout 1/1,850 that of the hydrogen atom, as ha| beenshown by the 
periments on determination df e/m for cathode rays, and of e. This 
mass is, however, dependent upon the velocity with which the electron 
h moving . Agparimg to the theory of relativity thtfraass ofa moving 
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electron becomes infinite when its speed is that of light, and is given, 
r other speed, by the equation . 


where m„ is the mass when the electron is stationary (the so-called 
“rest-mass”), m is the mass at velocity v, and c is the velocity of light. 
The ,fi-par tides shot off from radioactive sources have various velocities, 
bat those. from radium C have velodties approaching that oi light. 

The ^-particle has a small mass compared with that ef an a-particle 


The ^-particle has a small mass compared ...... ^ 

and consequently possesses much less kinetic energy. It cannot, there- 
fore, cause such extensive ionisation as the a-particle, and is more easily 
- deflected by electric and magnetic fields whether these be applied 
externally, or whether they be due to atoms in the path of the particle. 
In consequence, Tt follows a much more devious path through a gas, as 
has been shown by the cloud method. 

28. -/-Rays. — These, as has already been explained, partake of the 
nature of X-rays, being extremely ponetrating. TM wavelength varies 
with the source. If the wavelength is long enough, it is possible to 
» determine it by interference at crystal faces, just as the wavelength of 
X-rays is determined (§ 134), but in some case® the wavelength is too 
-jmall for even a crystal lattice to act as a grating. r 

M, Secondary Radiation. — In dealing with X-rays it was mentioned 
that when this radiation comes into contact with other matter, the 
latter itself gives off X-raya, which are called, the secondary radiation. 
JPhe same Thing happens when any of the radioactive radiations strike 
matter. In general, the secondary radiation is much weaker than the 
radiation; which caused it. /-raj’s may produce secondary j8-rays, and 
a-rays duqt produce both fi- and y-rays. When a-rays are absorbed by 
matter, a new type of radiation, called 8-rays, is also produced. These 
are soft 0-rays, i.e., electrons with small velocities. 

26. Recoil Atoms.— When an a-particle is emitted from a radio- 
mim s6mm, it follows, from the principles of mechanics, that the atom 
from which the a-particle has been shot must recoil, just as recoil 
occurs. when a rifle is fired. The velocity of recoil is governed by the 
* hTdiaary principle that the stun of the mommta'of the two particles is 
ccpBtont. As radioactive atoms are usually very heavy, having atomic 
about 200, it follows that the recoil velocity will be considerably 
sWdter than the velocity of emission. It will, in fact, be about l/50th of 
latter. This velocity, however, is sufficient to enable the recoil atom 
.urnmmmt ' ^ ionisation* between an 
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Roeoil may also occur when a ^.particle m emitted, but It does not 
appear that tho roeoil atom In, this case m capable of calling xornfatlon. 

28. of the Charge on the Electeoou — 1 Famday^ 

expwments on ©teetrolyffe showed that 1 gm„ equivalent of any 
substance m liberated by the poflsage of 96,500 coulombs of electricity 
through the solution. Now, if the substance concerned forms a univalent 
ion, the equivalent k the same as the molecular wight, so 'that one 
gram-mofosuie of a univalent ion is liberated by 96,500 poulombs, ot m 
6,650 e,m,i This is equal to 28,950 X I0 i@ o.s.n, (see th$ potion on* 
electromagnetic and electrostatic units, § 15). If n is the number of 
mcfccujes in 1 c.c. of a gas at N.T.P., one .gram-mokciile of a substance . 
eoniaigs 22,400 n molecules, in whatever state it is. Hence, the elmige* 

«, on one univalent ion must be 28,950 X lO l ®/22,400 n e.s.u.» or the ,* 
product, m* k equal to 1*24 X 16 10 as m. If we could dotormfco n, W© 
could find the charg© m the ion, which we could assume was ©'qua! to the 
charge on the electron; but neither of the*© quantities can be deduced 
gepar&tely from electrolysis experiments, and in the early attempts to 
determine e f &ppifa±nate values of n were mod. All that was known 
About n before th^miignitude of tho electronic charge was dotennined 
was that it lay between 10* 8 and 10 S1 , and hence the value of e was , 
quite oiMitain. • 

Hi© 'first exjMffiments on the determination of tho electronic charge 
were mad© by Townsend, and have served as the has, is of the most 
accurate methods of Millikan. It is therefore important to study tho 
history of the methods of carrying out this work. 

When newly prepared gases are bubbled through water, electrically 
charged clouds arc formed in many cases. Townsend thought of the 
idea of d^ermilimg the charge on a drop In such a cloud, which ho 
wwttrf to b© the charge on the electron. Townsend prepared & cloud, 
using gases obtained by electrolysis. By means of a quadrant electro- 
meter, the total electric charge per e.c. of gas was determined, and the 
total weight of the cloud was found by absorbing it in drying tubes and 
finding the increase in. weight. To determine the average charge of a 
drop, it was necessary to find the weight of one drop, and this ms don© 
by finding the rat© of fall of the cloud under' gravity, and applying 
Stokes* Law for th© # velqpity of a sphere, moving slowly tlirough a * 
viscous medium, under the action of a constant force* It states that 

v » 2flps%/{bj, 

where t* is the velocity of the drop under gravity, g is the acceleration 
due to gravity, # is tfie radius, a the density ofjthe drop, and rj the 

charge, and assuming tha^ each drop bore on© charge, ho was able to 

determine th^ charge on each particle. This came dirt to be 3 X 10~ 10 
* ; * . 

•* 


' . ■*.: ■■ 
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e.t.ci* After allowing for the fact that some of the drops m the cloud 
were 4iffcMitJy s he gave the eonwted value e = 5x 10~ 10 e.s.u, 

ffiiorilj after the- publication of this experiment, Sir J. J. Thomson 
used the same method to determine the charge on the ions produced 
•i«*a gas by the passage of X-rays through it. A cloud was formed as in 
0« T. R. Wilson’s experiments, by sudden expansion and resulting 
cooling of the air, causing the water vapour to condense on the ions. 
The apparatus is shown in Fig. 24. 

The suft4en expansion is brought about by pulling down tie piston P. 
The wight of the cloud produced was determined .indirectly, by 
calculation, from the amount of cooling produced, and the densities of 
saturated water vapour at room temperature and at the lower tempera- 
ture caused by the expansion. The total charge per c.c. was determined 
bf finding the conductivity of the cloud, measuring the current which 
flowed^ when a small electro-motive force was applied between the 
aluminium cap to the vessel A, and the surface of the water. The size of 


Fia. 24.— Eir J. J. Thomson’s Apparatus for determining 
the charge on the electron { 1 898). 

the drop wag determined, m before, by applying Stokes’ Law. The 
values- IS*I> X W g.b.u., and 6*7 X 1 O'*’ 1 ® ©.s.xl were found for the charge 
m a ^p®P hi air, and hi hydrogen, respectively. Later, Thomson obtained 
the v&hie §*8 X 6>»8.u» for negative ions generated by the action of 
ultm-violei M$kk In a later experiment, which So thought to be more 
aceomte, ha > obtuMd the value 3-4 X 10~« e.s.u., using in this case a 
radioactive source/or the mm. 

Them determinations of Thomson and Townsend were extremely 
dfficuR to cany out, and contained numerous sources of inaccuracy. 
Also, it must |je remembered that in all oases it was assumed that each 
drop was charged w&h only one elementary charge. That this assump. 
ton r very quftitk nable trill be elcaf- when the work of Millikan is’ 
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hail to bo cleared up, a.s to whether the charge on these drops was the 
ftimc m the charge on a univalent ion in electrolysis. O net this had been 
established, it wits possible to find out the size of the charge on%© 

cat hod© particle, and its mass. 

The identity of the charge on the electron and that on a univalent iflft' 
iww dbmonirirated by Townsend in 1809, Ho proved that if e w the 
charge on an Ion in a gas, 17 its moan velocity in the direction of an 
electric force Z, and K the coefficient of diffusion of the ion#, 

UJK as mZjP ** m ' 

P being the pratoixe of the gas, which contains n molecules per c.<n, 
at the U mperaturc of tin experiment. 

Towfiwnd Hum determined the coefficient of diffusion of the ions, and, 
taking the cnirwponding values of U which had been determined by 
Kiitherford, he obtained the following values of ne (c^n i.);~ 

•; ; Air . * y yy : > y ■■ : y ■ ■ > ; 1*35 x ID 10 

Oxygen . . . . . 1-25 X 10*® 

Hydrogeft DO X 10** 

Carton dioxide ■ „ , . 1*30 X 10 10 

The value of the charge on an univalent ion in electrolysis multiplied 
by the number of ion® equal to the number of molecules in 1 c.c, of gas 
at N.T.P. is 1-24 X I0 X0 e.s.u. These figures are sufficiently close to the" 
electrolytic value, then, ia enable the conclusion to to drawn that the 
charge on a gaseous ion is equal to that on an univalent ion present in 
electrolysis, and this has been confirmed by numerous other experiments. 

Hi© next developBMDt was an improvement made in Thomson’s 
apparatus by H*A. Wilson. The object of it wan to avoid the difficulty, 
already referred to, of the uncertainty as to the number of charges 
carried by an ion. Two brass plates were fixed in the expansion chamber, 
A, of Thomson's apparatus, so that a vertical electric field could be 
applied. It was then possible to aid or hinder the action of gravity on a 
drop by altering the sign of the electric field. The weight of 4 he drop 
wm determined by the application of Stokes’ Law, the rate of fall of the 
drop under gravity alone being determined. The charge was fourfd frdin 
the change in veiqpit jt when the electric field was put on to asSist* the ( 
action of gravity. The change in velocity was not the same for all drops 
the cloud being made up of drops which bore ehargesftn the*atio 1:2:3. 

This important conclusion made it evident that this was a source of 
inaccuracy in the earlier determinations, though Wilson himself 
obtained a value 3d X 10~ 10 for the charge on an ion by this method* 
The Idea of using a # controlling electric field vm& worked upon by 
Millikan, in America, his experipaents extending orer a period of eight 
years (1909-16). 

Millikan, realising the ifeaceurac y due to the rapid evaporation of 
water drop*, Used instead, drops of a non-volatile oil. He alsogemployed 
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a modi higher leM strength, and mu therefore able to keep the drop 
iiWsendec! bc^reeii the plate, or could make it rise or fall at will, 

Ais apparatus is shown m Fig. 25. The oil drops were introduced 
into the cylindrical vessel V, by means of an atomiser A, resembling 
Vdmewhat m action a carburetter of a motor car. The brass plates, 
R and C, were connected, one to the pole of a battery of accumulators, 
of total voltage 10,000 volts, to maintain a steady high potential, and 
the other ter earth through the vessel. The vessel V was placed in a 
tlicrrim^fto keep it at constant temperature. 

The fop plate had a pin-hole through which drops of oil occasionally 
found their way. The drops were already charged by the friction of the 

r 

To Manometer To Pump 


* Fk*. Apparatus (diagrammatic). 

atomiser, but they could, be further charged by ionising the gas in the 
vesltei by means of X-rays which were shone through a window, W. 
2he drops which had passed between the plates we* illuminated by a 
powerful source c&light, L, and viewed through a telescope. Any heat 

fts entry to the chamber did not upset the motion of the drops by 
convection currents. The pressure in the chamber, which could readily 
fee altered, wm indicated by a manometer. In the telescope eyepiece 
was a scale which enabled the position of the drop to be gauged to a 
great degree of accuracy, and the timfe were recorded to thousandths 
of a second by means of a chronograph. E \$as a voltmeter for measur- 
ing the potential of the battery. 
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The drop, which was positively charged by friction, entered the space j 

between the plates, and then the electric field was applied so that it was » I 
attracted towards the upper plate B. Just before it got there, the plates I 

were short-circuited by the switch S, and the drop was allowed to fall- I 

under gravity until it got almost to C, when the field was put on, and it 1 

was dragged up again. The drop could thus be made to rise or fall I 

continuously, and the attainment of another charge was immediately I 

shown by a ‘change in the velocity. The times taken for the jh»p to fell * „ 

alone under gravity, and to rise under the action of the fieW, were 
found. Tito time taken for a drop to fall a distance of 0-5222 cm. was . * 

13-595 ^see., the maximum deviation in seventeen experiments being . 

ojfiy ± 0-2 sec. On the other hand, the times taken for the drop to rise • 
mider the afcticm of the field (5,051 volts) varied cox^idcraMy, as is 
shown by the following numbers, which represent the'times in seconds, 
taken for the upward journey on successive occasions; 12-5, 12-4, 21-8," 

34-8, 84-5, 84-5, 85-5, 34-6, 34-8 secs. 

It is clear that ofS the third journey up, the drop had taken up another 
negative ion, on next journey another, and on the next, another. 

If t’j is the velocity under gravity alone, and v i the velocity under * 
gravity and the field of strength X, and e is the charge on the drop of 
mass m, then * ■ ' * 



7 % ~Xe -mg ’ “ W, + l ' zY 

1 he change in velocity consequent upon the drop taking up an additional 
s rgo, can bo obtained from the equations 

e=r -J-f ( p i + l '*)> * 


where % Is the velocity after taking up an additional charge, 
1 ^ : * * J l d'w mentioned above, 

' - si*.™., ... _ ■ "i 2 !? 


when t 84-5 gem ,v , + v . = Z Xzfl ; . m 

1,8 13-595 ‘84-5 • • - M 

The difference between (1) and (2) 

“ °- 5 “ Gs - SJ )“ 00891 cm ^- ' 

In this way it was found tji&t the successive capture of a single charge 
by the drop rise to difeenees in its. velocity equal to (HMMttlS, 
GH)08911, §*0§S§03 ¥ 0*008883, and §‘008931 ea^ per sec., giving a mean 
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value of Cf cm* per see* It will be seen that the individual results do 

modifier wary greatly from this mean value. 

The fact that relationships of this sort were obtained always, irre- 
•spctiva of the nature of the gas hi the vessel, or Its pressure, or how 
long the experiment was being conducted, indicates without the faintest 
doubt that the charges on ions are all the same in value, or are multiples 
k of some fundamental value. This is the best proof of the atomic nature 
* of electricity. 

3 ? mm the above equations, the ratio e/m for the droplets could be 
found. To detomhm e, it is now necessary to find m. This can be done 
by applying Stokes’ Law, but Millikan showed that whilst the Law 
was true for particles of considerable size, for particles of the size 
of them droplets it ceased to be more than approximately true. Me 
^therefore derived a more accurate form of Stokes’ Law which would 
apply to these particles. By this means he was able to find m with a 
degree of accuracy comparable to that obtainable in the rest of the 
experiimnt. Finally, his value for e was (4-774 ± 0*005) X I0~~ 10 e.s.u. 

Sov&ral moons of ionisation wore employed, and hi every case the 
same result was obtained. 

The fact that e has been determined with great exactness enables the 
of the Avogadro Number, the number of molecules in a gram- 
mdfectite of any substance, to be determined with accuracy. In 
electrolysis it is found that one gram-molecule of a univalent substance 
m liberated by 9,650 e.m.u. of electricity, or 28,950 X 10 10 e.s.u. This 
is equal to Me, the number of molecules in a gram-molecule multiplied 
by the charge on an ion. Thus, if we divide this figure by the charge (e) 
determined by Millikan, we should arrive at Avogadro’s Number (N); 
this comes out to be 6*0 62 ± 0*006 X 16 23 . (For further methods of 
finding Avogadro’s" number, see § 125.) 

Tim result of the most recent determination of the charge of the 
electron (Hopper and Laby, 1041} determined by the oil -drop method is 
(4*802 i 0*001) + 1 6~ 1§ e.s.u. This value agrees with that obtained by 
Bearden (1941 ) by the X-ray method. 

9f* #Sh £ 1* Homan’s Theory ol the fracture of the Atom.— The 
mxpetmmnU already described show without dofibt^hat the electron is 
an integral jmrt o|all matter. The cathode rays emitted from all types 
of matter have the gam© elementary charge, and th© ions produced by 
al gases possess this charge or eke some simple multiple of it. The 
electron is, therefore, to' be found in the atom. All atoms, in the 
ordinary stature, however, electrically neutral and hence there must 
if© mme pofi&v© qfiarge somewhere in the atom to neutralise the 
a ^ r0BS * Tbe fiature of this positive charge was 

rays were earned 6ut, aad the existence 



moving toji various velocities, m many eases nign velocities 
fiomcwlim in the neighbourhood of the speed of ligfit. If matter is 
}M'>ml»rdM by these small particles, their resultant deflections should* 
gi?# en some information emmmbxg the electrical state of the atoms 
foxmfttor, • " : v 

If a parallel beam of /2-mys from some radioactive source is passed 
through a thin metal sheet, such as a piece of aluminium foil, or gold 
leaf, the beam emerges divergent. This is due to the repulsion of the 
^-particles by the* electrons in the atom, which possess the same, 
electrical sign. From the amount of the divergence, the number# of 
electrons in the atom of the metal can be found. This, comes out , as a 
role, to about half the atomic weight. Thus, for aluminium it is 13, 
whilst the atomic weight of aluminium is 27; for sodium it is II, the 
atomic weight of this element being 23. Now the mass of the electron 
mn tie determined, since we know e/m , and we know e. Its mass is very 
small indeed. Since an atom like aluminium contains only 13 of these, 


13 electrons will weigh about — — units. The ratio of this toihe total 

l,8o0 


mass of the atom is — — — — : = — — . Hence there must some 

# «&<# /\ J. jbw oo,4o0 

other part of the atom which possesses most of the {pass, and since the 
atom in supposed to be made up of nothing but electricity, it follows 
that the mass is concentrated in the positive part of the atom. 

This view was to receive considerable support from the study of the 
bombardment of*ma$er by a-partielcs. These are small, positively 
charged particles, and are mueh heavier than /hjkrticles. They will 
therefore be more effective in bombardment (see § 45). 

Geiger and Marsden studied the result of bombarding a piece of gold 
foil with a-p^rtieles from a radioactive source. Some of the particles 
were deflected slightly from their course, some were scattered tl 
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lar^r angles, and some were actually deflected right back. The number 
wl^eh sofferefi a deflection of about 180° was, however, very small, 

being only about I in 20,000. The 
average scattering was 0-87°, showing 
how few suffered anything but a very 
small rlefleetion. It might bo thought 
that those particles which were directly 
reversed in direction were merely reflected 
from the surface of the gold loaf, but this 
k not so, since the number of particles 
which undergo large deflections is pro- 
portional, within certain limits,' to the 
thickness of the gold foil. Itis, therefore, 
some phenomenon connected with scattering in the interior of the m< tal. 
’What is it that causes certain a-particles to suffer such large deflections? 

29 . The Nuclear Theory o! Rutherford.— It was these data which 
furnished Rutherford with the material upon which to base the nuclear 
theory of the atom, which, modified and extended, forms the basis of 
all modem work on subatomic physics. 

The o-particle is about 7,000 times as heavy as the electron, so that 
it will be hardly moved out of its course at all by coming into contact 
with one of them. As it is turned back through such large angles, it 
must be colliding with something of aboufits own mass and charge. 
Rutherford pointed out that if Thomson’s “sphere of positive electri- 
fication’’ Were condensed into a small nucleus, the particle necessary to 


Fig, 26.*— 5 The scattering of 
»-P&.rti.cI« at Electrons and 
Protons, - 



itar, B may pass threat the atom without hitting anything; trn tite 


Tim imm of the electron is about 1/1,850 of that of tfee hydrogen 
atom, ** hm already been shown, so that it Is also about that fraction of 
fcl t mm of the potent. 

It should be mentioned that a particle bearing one positive charge, 
yet pmmmmg a wAm rnmh smaller than that ofthc^roiop, comparable, 
indeed, with that of the electron, has also been (Usc^vered, and k called 
the positive efat ran or powtrou || SI)* 

Wb« .hctyHiimi, and certain dfcher light elements such as li thi um ■' 
land boron, |ip with energetic a~mys from p#cmiujn ; a very 


' «i 

positive nucleus is the min, the elect runs are the planets# If the planet* 
were not in motion, round the sun, they would Immediately fall m% It; 
but m they are in motion in orbits, the centrifugal force prevents them 
from being drawn in. This simple picture of the atom provided a very 
satisfactory method of explaining many facts, but It has now been 
superceded, as will be described later. Niels Bohr, for example showed 
that such an atom would be unstable, and modified the model by*, 
supposing that the electrons could only move in certssin definite 
orbits (§ 58). • 

8®* Freftcms, Electrons, and Neutrons.— The name given to the heavy * 
partkS| bearing one positive charge only, k the proton . The hydrogen 
atom, being the lightest atom* must contain the lightest nucleus, and - 
it k known* that it has one extm-nuclear electron, .It m possible lo 
obtain, in a suitable discharge tube, positive rays which consist oL 


3 *ZkMi) KMaii/t WiiQMtiililifSnr 


for nearly all the vmm of the atom; but it cannot he a very largo particle, 


iOfrm* «T^f ” m" it 


matter is bombarded with them. It will be remembered that the total 
average? scattering was only 0*87®, showing that the vast majority of 
«*jttrtiotai merely grazed the nucleus, being deflected but slightly by it, 
wiiiM very few hit the nucleus head on, and were returned along the 
|»th they had come, or nearly go. This means that the spaces in the 
atom are very large, it being possible for an a-particle, which we know 
to consist of the helium nucleus, to get right through without hitting 


In this respect the atom again resembles the solar system. In the 
latter, by far the greater part of the system consists of empty space, and' 
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Becker in Gewnany in 1930, who thought at first that it was a very 
perforating y-radiatkm. In 1932, Curie and Joliot showed that this 
radiation was capable of expelling high-energy protons from paraffin 
*w»x, and later in that year Chadwick determined the number and range 
of these protons. The results he obtained were inconsistent with the 
view that the incident radiation was simply a form of y- ray, and ho 
» showed thaUt was, in fact, composed of uncharged particles with a mass 
approximately that of the proton. These particles are called neutrons, 
and anf considered to be present in the nuclei of all atoms except hydro-’ 

■ gen. The mass of the neutron was determined by Chadwick and Gold- 
haber in 1939 to be 1-00895 on the bask 0 = 16. 

,31. Radioactive Disintegration. — We are now in a po.ri|ion to study 
the products of radioactive disintegration, t.e., the products obtained 
-from radioactive substances when a-rays and JS-partieles are emitted 


where A is the proportionality factor, known as the radioactive decay 
constant.* Integration of this expression gives an exponential function 
connecting the nufuber of atoms, N u left after time t with the number 
of atoms originally present, N 0 . 


It follows that no- radioactive element decays away complete! thou h 

T %J !? e0 ° me 80 as to be immeasurable. Itis 

hmfore useless to take the time of complete disintegration of an 

them TwSl r V 1 Cha ^ rise f or W0Jtld infinity for all of 
1S ’ *«**■«* the time taken 

hair * a disintegrated. When we say that the 
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From the above expression # 

log/2 » Ai, since M 0 2AV p 

whwe I Is the half-life* 

. # _log,2_ 0*093. 

* * * ^ ” x 

32* The Greiger-Muttall Relationship. — Geiger and Nuttall dis- 
covered tha! the more rapidly an a-radioaetive substance decayed 
the greater was the range of the a-partides emitted. They foiled that 
t lie range, R % w as connected with the decay constant, A, by the equation , 

* log A — A + M log M ■ 

Tiw constant A varies from one series to another, but B is the same for ^ 
all series, viz* 53*0. • 

33* The Mechanism of ^-Disintegration.— In general terms it is 
reasonable to assume that a heavy nucleus, i.e. t one containing a large ^ 
number of protons and neutrons, will more readily lose « -particles 
than a light nucletis, but the more rigid investigation of the reason 
why certain ©lemons are radioactive is not so easy. Gamow applied 
the principles of wave-mechanics (§ 07) to the problem, and his results # 
are mentioned here because of their important bearing on nuclear 
transformations to 'be discussed later (§45). ■ . 7 

It is known from mechanics that a system is most stable when its 
potential energy is a minimum. The potential at different distances 
from the centre of the nucleus is represented by a curve of the type 
shown in Fig. 27, where the OX axis represents the distance from the 
centre 0 of the nucleus, and QY represents the potential. If the nucleus 
is approached frtaa the right of the diagram, the curve DE represents 
the change of potential as the nucleus is approached, and as the inverse 
square law holds the curve is a rectangular hyperbola. This law does 
not hold, however, for distances very near to the centre, when the 
potential drops rapidly, reaching a minimum at the centre of the 
nucleus itself. As we pass through the centre and away to thi left the 
curve is repeated. The portion of the curve BCD is called a potential weJJL 
* Consider an u-partide (assumed to be a constituent of the ryptckus) 
with energy OP. It i# within the potential energy well, and according * 
to classical mechanics it could never escape from it $ts its energy is too 
small to take it over the rim of the potential crater. According to wave- 
mechanics, however, there is a small but finite probability for the 
occurrence of events which, according to classical mechanics, could 
never take placer. Tfee wave representing the a-particle is reflected 
from the wails of the energy crater and forms a sort of stationary wave. 
This has the power of tuimelMg through the energy Mil to a certain 
extent. The higher is the jmergy* of the a-particle the more likely it m 
to escape; tfap necessary tunnelling is here shorter than it is lower down 
in the well. A high probability of escape means that ilje radioactive 

e ■ •% . : /: 

, y >*■ < *■; r*' ' * *? *&& I? - i 
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ffT° *“*** ^ aI “ ea of the dec »J constant, A, wlueh is the < 
statement of the Geiger-Nnttall relationship. Mathematical 
_i_ the problem shows that the quantitative expression 0 f tR 
stop also follows from this proposed mechanism. 


O Dtstan^ 

Fm. 27. 

- ^ interesting point about the theory is that i 
nucleus is bombarded with «-rays or protons , 
enter the nucleus even if they have not sufficient 
the energy barrier. They get in L, v „ 
was this Suggestion, made by Gamow 1 

f 1 1 «fPeri®ents on nuclei reactions 
particles of smaller energy than had hitherto bee: 
inese experiments were successful and led the 


if a 

»oiue oi these may 
, , energy to surmount 

by tunnelling through the barrier. It 
‘ _ v, that led Cockroft and Walton 
- — s using bombarding 
sn regarded as necessary, 
way to the great develop- 


the wXTt s co rr d 11110 an eiement two 

the Periodic Table. Radium in Group II Joses an 
Mes mdon, or radium emanation, a gas of the inert 
a “ loses a /1-particle it changes So 

a TnartiSf St V"* uAniBm *i, an element 
a p-particle, and becomes uranium X s , an element 

ehjmnU » the Periodic 

LT;^ Mum n ? ieq8> ^ ^ 

mt of B tiie A * two 
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, . r f r r] fr-Jia it by & p-my change) in the next place to the 
right in the Table by possessing one more negative charge on the 
nucleon, m > that when the latter is removed the nucleus increases in 
' ' 1 • g® by 3. 

This point k often a troublesome one to grasp. This is not so if it iS 
remembered that it has been shown that both radiations in radioactivity 
procowl from the nucleus. The /hparticle is not an electron removed 
from the outer sphere of electrons, but one originating in the nucleus. 
When an unstable nucleus breaks down it does not always enUifjorototis 
and neutrons, the particles which compose it. It seems that under these 
i ircumstancos the neutron behaves as if it were made up of a proton 
and an Meetron, and the electron is emitted. It is this electron which 
constitutes *f?-particlo. , ■■■■, 


Tabus HI.- The Actihittm Sbries 


droopin' , 
FertCKlic Ate. No- 
System. 


Half-life Period. 


<€y®W. i 'SAdiatkMi. 


Uranium ! 


24-G hours 


Uranium ¥ 


Protactinium 


■ears 


!3o years 


Actinium 


Radio-actinium . Rd-Ac 


Actininm-X 


A«4tiw» 


Actinium A 


Actinium R 


36*1 min, 


Actinium C 


246 min 


Actinium C 1 



Symb&i, I Eaiiasloa. r 


Uranium I 


Uranium X- 


Uranium X 


Uranium IT 


loniurn 


'ears 


Radium 


1590 years 


Radon 


Radium A 


3*05 mins, 


Radium B 


26*8 mins. 


Radium 0 


19-7 mins, 


Radium C' 


Radium I> 


Radium E 


Radium F 

(Pojoiduxu) 

Radium 0* 






RADIOACTIVE DISINTEGRATION 
Table V,— Tire Thorium Series 


SytaboL RMMkm. 


'Hair-arc Mtod. 


Groupin' .. 
Periodic i Ale. No. 
S>*t «n. ; 


Thorium 


a j T39X10 10 years IV. 90 


Mmithcirkro I i Wflij ~ 

; ; 

Metfotborium II . f M.sTh 2 


liiidiothorium 
Thorium X 


Thoron 


Kail's a (/?) 
ThX a 

I ■ 

• Til a 


Thorium A . *TJxA 

y 

Thorium B . ThB 

Thorium C . ThC 

Thorium O' . ThC # 

i 

Thorium I) .. ThB 

(Thorium-load) Pb ao 


ThB fr&y 

f 

ThC • 65 per"j 
| cent. fi\ 
TliG # a 


Thorium 0 

Thorium CT 

Thorium £T 
(Load) 


6*7 years' 


6*13 hours 


I *96 years 


3*64 days 


54* 5- sec. 


0*16 see. 


10*6 hours 


60*5 mins. 


Ilf M 88* 
« 


III. 89 


IV. J 90 


0. 86 


VI. 84 


IV. 82 


3xlO -7 sec. Vi 84 


IV. 82 


ThC I 35 per J 
j. cent, a 
ThC* p&y 

ThCT ~ 

p^,2«» 


3T min;;. 


III. , 81 

IV. * 82' 


The foot, that when those radioactive changes take place they are m 

accompanied by sjmp|p moves in the positions of the elements in the ^ 
Periodic Table is very easily explained by supposing thfft each element 
in the Table differs from the om before it by possessing one more net , 
positive charge in the nucleus and one more electron in the extra-nudear 
structure. Indeed, this explanation is demanded by the facts quoted 
above. *' * * 




* 

iiteiiiiiiil 
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Tasls VI.-The Uranium Sanaa. 


Tarir VII. — The Thorium Series, 


-The Actinium 81 


Tabue IX.— The Radio jlQuvx 


AcA 

MmA 

RaC 

n*F(Po) 

ThA 

ThC' 



NATURE OF ATOMS 


m 



This theory was put forward quite early fey ran don Brook (1911), 
but at the time there was very little evidence to support and It was 
net given much attention. Whoa, however, the place changes whidh 
occur (luring radioactive disintegration were discovered in 1913, the 
t heorv was a necessary consequence* 

At first the theory was applied only to the radioactive elements, no 
evidence having been gathered to prove its truth in the case of the 
lighter elements* This was obtained later by Moseley (1913-14), who 
examined the X-ray spectra of the elements. If the olenfefits afe 
arranged in the order in which they appear in the Periodic ‘Table, 
allowance feeing made for the unknown elements, for which gaps are 
left, and they are then numbered in order, starting with hydrogen as 1, 
and ending with uranium m 92, tho numbers assigned to each element, 
will represent the number of electrons outside the nucleus (called extra- 
nuclear electrons), and also the resultant positive charge on the nucleus. 
This number is called the atomic number of tho element. Moseley was 
able to determine the atomic numbers of many of the lighter elements* 
This work will be described in a later section (§ 37). 

85, The Mature cB Atoms.- — We have seen that the nuclear theory 
of the structure of matter demands that the atom should eontain a 
nucleus, positively charged, the system as a whole being electrically 
neutral because of the negative electric charges of a cloud of electrons 
which surrounds it. The number of those electrons outside the nucleus 
m tho atomic number of the atom. The nucleus itself contains neutrons 
(§39) as well as protons. So long as the resultant charge of tho nucleus is 
positive, and tho number of extra-nuclear electrons is sufficient to 
neutralise this charge, the conditions for the formation of a normal atom 

■' Ar»^tyS^’:fvV' r 

Take, for example, the atom of helium. Tho maA of any atom is 
largely accounted for by tho nucleus, the electrons being so light as to 
b© negligible when approximate atomic weights are considered* The 
atomic weight of helium is about 4. This means that there must be four 
particles with the mass of the proton in the atom. But its atomic 
number is only 2, and tho nucleus has therefore a resultant positive 
charge of 2 units, and nsust eontain two neytrons. Tins positive charge 
Is neutralised by the two exCra-nuclear electrons. The r helium atom can 
therefore be pictured as in Fig, 28. r 

Take as a further example the sodium atom. Its atomic number has 
been found to be 1L It follow b that thes e are 11 electrons outside the 
nucleus. The atomic weight is 23, so that tho atom must contain 23 
particles of unit mass, either protons or neutrons. r If It m to be elec- 
trically neutral, there must b© r l2 neutrons and' II protons in the 
nucleus. The arrangement of the II extra-nuclear electrons has been 
shown, by methods to be outlined hi the next chapter, to he in * ; 
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containing 2, 8, and I electron. The simplified model of this atom is 

drawn in Fig. 29. 

e 


Fig. 28.— The Helium Atom 
Model (simplified). 


Fig. 29.— The Sodium Atom 
Model (simplified) . 


36 The Nature of the Nucleus. — We have already stated that in 
the nucleus there are protons and neutrons. The arrangement of these 
particles in the nuclous is even now not correctly known. The fact that 
(f-particles are emitted from atoms seems to show that those must bo 
ready made in the nucleus. Exactly how the neutron is to be regarded 
is a matter of some doubt. It may be thought of for some purposes as a 

proton and an electron fused together. . 

It is obvious that the number of protons in the nucleus is equal to the 
number of extra-nuclear electrons, and therefore to the atomic number, 
Z. SincG the prqton has a mass of approximately 1 unit (the normal 
hydrogen atom contains one proton and one electron, and the mass of 
the electron is very small compared with that of the proton) and the 
neutron also has a mass of approximately 1 unit, the masses of all nuclei 
axe approximately whole numbers. This whole number is called the 
.mass- number, A. The number of neutrons, N, in the nucleus is clearly 

edual to A — Z. c _ . ' 

- The forces holding protons and neutrons together in the nucleus are 
not yet fu}Jy understood, hut it is known that only certain numbers of 
these particles can exist together in a stable nucleus. If these numbers 
are increased artificially by bombardment with neutrons or protons, 
and their capture by the nucleus, an unstable nucleus is fornaed, which 
will later bi^ak ^pwn to a stable one. Howovei 5 , for a given mass 
number there are several possible arrangements of protons and neutrons 
which will give stability. The same is'true for a given atomic number, so 
that altogether over 250 stable nuclei are known, although the number 
of chexpjcally identifiable elements is less than 100., r 
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Nuclei with the same mass number and different atomic number are 
called isobarm; those with the same atomic number but different mass 
number are called isotopes. These topics will be more fully dealt with 
in 1 38. 

37. Atomic lumbers and their Determination by Moseley’s Method. — ' 
— When an element is bombarded with electrons, X-rays are emitted 
which are characteristic for the element bombarded. Moseley examined, 
the spectra orthe X-rays thus emitted. ' r 

The substance under investigation was made the anticathoa^ in a 
discharge tube. The wavelengths of the X-rays given out were deter- 
mined by diffraction at a crystal, an X-ray spectrometer similar to that 
employed by the Braggs in the investigation of crystal structure being 
used (§ 134). The spectrum was photographed. c 

The X-ray spectra of the elements are on the whohS - very simple, 
consisting of very few lines. In Fig. 30 are shown the spectra of some 
elements which are adjacent in the Periodic Tabic. It is seen that the 


* « A A. ^ 

Fig. 30.— X-ray Spectra (K series), 


spectra are all alike. They all consist of two lines, 1 one being much 
stronger than the other. Also, all that is necessary to obtain one 
spectrum from thafeof ^he neighbouring element is to shift it a certain 
distance to the right or to the left according as whether the" one element 
comes after, or before the other in the Periodic Table. 

1 With the exception of cobhlt, for which the spectrum is a little more 
complicated. ^ 


HUH 





spectrum, which appear as two sets of two, the lines in each set being 
very elosq together, fonning what is known as a doublet. An N series 
probably also exists. 

Moseley showed that the frequency of a given line in the spectrum 
was connected with the atomic number of the element by the simple 
expression 

v = a (N - 5) 2 , 

where v is the frequency, N the atomic number, and a and h are constants. 
For the first line (longest wavelength) of the K spectrum, known as the 
Ka t line, the constant a is 247 X 10 15 , and h is <1. This equation is a 
linear one, and if v is plotted against N, a straight line should be 
obtained. That this is the case is shown by tho curves for the three 
types of spectra (JET, L and M) given in Fig. 31. 

This work showed the fundamental nature of atomic numbers, and 
enabled the positive charge on each element to be determined. The 
work also confirmed the arrangement of the elements in the Periodic 
Table. It will be remembered that if the elements are arranged in the 
order of their atomic weights there are several anomalies in the Table. 
Thus, tellurium comes after iodine, when it is clear from its chemical 
properties that it should come before. Argon comes after potassium, 
and since this does not agree with the properties of the elements, they 
are pufc r out of order in the Table. This alteration was justified by the 
determination of the atomic numbers of these elements, which indicated 
that those of tellurium and iodine were 52 and 58 respectively, and of 
argon^and potassium 18 and 19 respectively. The atomic numbers of 
iron, cobalt and nickel came out to be 26, 27 and 28 respectively, the 
"sequence agreeing with the chemical properties of these elements, 4mt 
disagreeing with the sequence of their atomic weights. Protactinium 
and thorium are also now "known to be oat of order, as far as atomic 
weight is 'concerned, but correct with regard to atomic number. The 
total number of elements from hydrogen to uranium was shown by this 
work to be 92, and thus the number of rare-earth elements, which could 


38. Isotopes.— When a radioactive element loses a /2-particle its 
atomic number increases by 1 , and so a new element is formed which is 
one place higher in the periodic system (§ §5). The loss of the very light 
particle entails, however, practically no loss in ma^s, so the new 



to be almost exactly*the?*sanie. Indeed, they are so much alike that it is 
very difficult to separate them. Such elements are called isotopes. 

The atomic number is the number of extra-nuclear electrons, and also 
the numerical value of the positive charge on the nucleus. It is clear 
that isotopes possess the same atomic number, and therefore the same 
number of extra-nudeaj electrons, and consequently the same positive 
nuclear charge. How then do they differ? We have sSen previously that 
the nucleus consists not only of protons, but also of*some neutrons. It 
is in the number of neutrons in the nucleus that isotopes differ. The 
chemical properties of an aiom are known to depend almost entirely 


element has the same atomic weight as the old. We thus have two 
elements in the Periodic Table which have the same atomic weight yet 
differ in atomic number, and in chemical properties. Elements of this 
type are called 'isobarm* 

When a radioactive element loses an a-particle, its atomic number is* 
reduced by two and the new element formed occupies a position two 
places further down the Table (§ 31). If now the new element loses two 
^-particles successively, the element produced will have the senate atomic 
number as the original one before the series of changes was commenced. 
The atomic weight, however, will be 4 units less, and so we have two 
elements occupying the same place in the Periodic Table, yet differing 
in atomic weight. The chemical properties of such elements are found 


Atomic Number , N . 


Fig. 31. — Relationship between Frequency of Lines in X-ray Speetr<a 
and Atomic Number. •> 
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on the number of extra-nuclear electrons, and as these are the same in 
isotopes the r ehemical properties of isotopes of a given element must be 
almost identical. Only in the case of hydrogen, where the ratio of the 
isotopic weights is exceptionally high is there an appreciable difference. 
- It was in connection with the radioactive elements that isotopes 
were first discovered, but it is now known that they are by no means 
confined to these elements. Nearly all the elements are now known to 
be isotopic. When any so-called element is prepared in the laboratory, 
a- pm(v substance is not obtained, but a mixture of atoms of different 
atomsc weights. The proportions in which these isotopic atoms are 
present, whenever an element is prepared, are always the same, and so 
the atomic weight appears to be constant (except in the case of hydrogen, 
§ 43). Thus chlorine consists of two isotopes, of atomic weights 35 and 
37. Whenever chlorine is prepared in the laboratory the proportions of 
these isotopes present are the same. Hence, whenever the atomic 
weight of chlorine is determined the same result is obtained. 


The existence of isotopes can be explained if the possible arrange- 
ments of the charges in an atom of an element are considered. To take a 
simpfe case, that of lithium, of which the atomic number is 3; there are 
two isotopes of masses 7 and 6, the former being the predominant one, 
*as can be understood from the fact that the atomic weight of lithium is 
6-U4#. Since the atomic number of both the isotopes of this element is 3, 
there must be three extra-nuclear electrons. The atomic weight of one 
of them is 7, hence there must be 7 particles of unit mass in this element. 
It follows that there must be four neutrons. The atomic weight of the 
other is 6, and the number of neutrons must be 3. Hence we have two 
elements with the same atomic number, but with different atomic 
weights. Th$ probities of the element, being governed by the number 
of extra-nuclear electrons* are the same in each case, and it would be 
> impossible to distinguish between them chemically. Physically there 
should be slight differences. For example, the densities of the two forms 
should be slightly different. It is very difficult ^separate isotopes on 
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the large scale, but the task has been carried out in connection with 
atomic energy projects, although at great, expense* # 

The usual method of denoting any particular isotope symbolically is 
by placing the mass-number of the isotope to the top left-hand side 
■ of the chemical symbol. Thus 17 0 means the isotope of oxygen of- 
mass 17. 

Pr out’s hypothesis, which stated that the atomic weights of all 
elements werp multiples of that of hydrogen, has received striking ^ 
confirmation from modem work on the structure of matter. now 
believe that all elements are made up of protons, neutrons, and electrons, 
and since hydrogen, the simplest element of all, is made up of one proton 
and one electron, it is obvious that it is correct to regard all elements as 
made up on the hydrogen type. 

Moreover, the masses of all isotopes are very nearly yhole ntimbersf 
and so here again Front’s hypothesis receives confirmation. It is indeed ^ 
remarkable that this old hypothesis, which was discredited during last 
century, should fcunj out to be true after all, though in a very different 
way from that thought of by its propounder. 

The existence of isotopes of oxygen, of mass 17 and 18, raises the 
question of the suitability of the oxygen atom as a standard of reference * 

for atomic weights. It has been argued that the oxygen isotope of mass 
16 should be taken as standard, but this would make direct comparison, 
by the usual methods of detemnning atomic weights, impossible. The 
proportion of the 17 0 isotope In the ordinary mixture is very small. It 
has been shown that the ratio of atomic weights calculated on the basis 
0 = 16 to those calculated on 16 0 = 16 is only 1*00027 to 1. "Actually 
the standard 0 = 16 is used for chemical determinations, and X6 0 = 16 
in the physical methods (§ 41). 

The preparation of almost pure 35 C1 by the method ofr thermal 
diffusion {§ 42) has led to the suggestion that when the pure isotope is 
obtained it should be used instead of oxygen to determine the conversion 
factors for chemical and physical atomic weight scales. 

39* The Detection of Isotopes* Positive-ray Analysis.— The ' nature 
aujJ method of production of positive rays have already been briefly 
mentioned (§ 17). It is^by a study of the positive rays emlttod«£rom 
elements that our knowledge of the number of isotopes present in the - r 
mmmm elements has been derived, * 

The first experiments with positive rays which led to important 
results were made by Sir J. J. Thomson, 1910-12. His apparatus is 
'sjjtown in diagrammatic form in Fig. 33. 

The discharge tribe Abwas provided with an alummium $node D, and 
the gas under investigation was drawn in through t$ie fine capillary E. 

The cathode, B, again of aluminium, surrounded a brass capillary tube,, 
which was water-cooled by ihe water-jacket C. This tube acted as the 
perforated c^i&ode^the positive rays passing through it. The^positive 

■ • ■ ■**■ 
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rays were made to pass through a magnetic field provided by an electro- 
magnet with soft-iron pole pieces MM, separated from the former by 
thin pieces of mica, NN. Two soft-iron shields, II, prevented the electro- 
magnet from affecting the discharge. An electric field could also be 
applied. The positive rays after this treatment entered the evacuated 
vessel G, and were recorded on a photographic plate. 

The simultaneous action of the electric and magnetic fields caused 
the positive rays to give rise to parabolas on the photographic plate, 
and fo» 'this reason the method is called Thomson’s parabola method. 
The deviation is dependent upon both the charge and the mass of the 
particles (§ 16). By comparing the positions of these parabolas on the 
plate with those due to elements of known atomic weight it was possible 
to estimate the atomic weight of the element producing them. A line 
was fohnd due to an element of atomic weight 22. No such element was 
known. It was at first thought that it was due to carbon dioxide 
bearing two positive charges (thus giving the effect of an element of 


Fig 33. — Sir J. J, Thomson’s Positive Bay Apparatus (diagrammatic), 


the gas was slowly passed through liquid air, whereas that at 44 due to a 
singly Charged carbon dioxide molecule, did disappear. It was also 
-thought that a compound of neon and hydrogen might be formed of the 
composition NeH 2 . This would have given the required line, but no 
" * evidence of the existence of*such a compound outside the tube could be 
found. c 

Sir J. J. Thomson considered that he had discovered a new element, 
and Astern set out to separate the new gas from neon by repeated 
fractionation with charcoal at the temperature of liquid air, and also by 
fractional diffusion. After a great deal of work°he $as able to separate 
two fractions having molecular weights 20*15 and 20-28 with respect to 
oxygen as 16 (§ 5). The differences between these two values were too 
great to account for as experimental error.- The two fractions, however, 
had the same spectra, the same boiling points, and, asiar as could be 
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judged, the same chemical properties. Soddy considered that the two 
elements, of atomic weights 20 and 22, were isotopes, this being the first 
example of their existence outside the radioactive elements. 

Aston now set out to discover more about these elements of mass 
20 and 22, and discarded Thomson’s parabola method in favour of an 
arrangement capable of giving more accurate results, called the mass- 
spectrograph. The arrangement of the apparatus is shown in diagram- 
matic form in Jig. 34. B is the discharge tube, A the anode, and G the 
cathode which has a slit S v A second slit, S 2 , is provided to c3t*down 
the rays to a fine parallel beam. This passes between the platesV X J % 
by which the electric field is applied. The beam now passes through a 
stop-cock Jj f into the camera part of the apparatus, if is a large electro- 
magnet, by means of which a magnetic field can be applied, at right 
angles to the electric field. When both fields are applied? the particle 


Fig. 34, — Aston’s Mass-Spectrograph (diagrammatic). From Ast&u’s 
“Mass Spectra and Isotopes” (1933), by permission of Messrs. Edward 
Arnold & Co. 


are deflected in the plane of the paper by an amount depending upon 
the ratio e/m. The rays fall on the photographic plate Y, and their 
positions are measured. The lines obtained are fairly broad, owing to 
the width of the slit, but the edge is sharp, and this is taken as the 

posjjJon of the line. 

Of course, a standard of measurement is required, and for this oxygen 
is taken. Lines are obtained positions corresponding to 32, 16 and 8, 
due to the molecule, the singly charged atom, and the^doubjy charged 
atom of oxygen, respectively. By adding carbon dioxide to the tube, 
lines are obtained at 6, 12, 28 and 44, being due to C++, C, CO and C0 2 
respectively, thus providing a number of standards by which to measure 
the lines produced b^ other elements. m m 

' When neon was introduced into tho tube, .lines were4>btained at 22, 20, 
11 and 10. There could be no further doubt that neon was not a pure 
element, but made up of iw isotopes, of atomic weights 22 and 20. 
Isotopes of ch|ppne ajid argon were also found. „ ’ 1 ■; 
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This apparatus was only applicable for gases, and it soon became 
import ant f$o discover whether isotopes of the solid elements also existed. 
Eor this purpose Aston devised the method of the “accelerated anode 
ray”, in which the positive rays were produced by coating the anode 
with a suitable salt mixture, containing the element to be tested. 
Positive ions are emitted and are accelerated in their passage to the 
cathode, and can then be treated as positive rays. In this way the 
majority nf the elements have been examined. 

r Th& existence of isotopes can be shown, and their masses determined, 
by means of a different apparatus, devised by Dempster (1918) and 
shown (^grammatically in Pig. 35. In this the positive particles 


Fia. 35. — Dempster’s Positive Kay Apparatus (diagrammatic), 


obtained by heating salts on a platinum strip, or by bombarding com- 
pounds containing the element under investigation by electrons, are 
passed through a definite potential difference, and then pass through a 
slitf S 1} into the analysing chamber where they are acted upon by a 
strong magnetic field, bending them into a semicircle. They then pass 
through a further slit, S 2 ? and fall on a c plate, R, connected with an 
electrometer, The potential required to bring a particle of known 
mass on to the detecting electrometer is measured. Actually, the 
potential is varied, the magnetic field being kept constant, and the ionic 
current produced in the electrometer is measured. This shows peaks 
when the garticlps fall on the plate, the maxima corresponding to 
particle of definite masses, which can be obtained after standardising 
the Instrument. 

Almost all elements have been ^hown r to have isotopes. The Table 
below (Table X.) gives a list of stable isotopes. 






Table X. — Table of Isotopes , 

Tho isotopes are given in the order of their abundance in the elements. 
Radioactive isotopes produced artificially are not included in this list. 

V ■ 

Atomic - 
No, 1 

' Element.. 

Atomic.: 

Wt 

Isotopes. 

1 

. 

Hydrogen 

1-0081 

1,2,3 ‘ 

■ 

Helium . 

4-003 

4,3 

3 

Lithium 

6-940 


4 

Beryllium 

9-02 

9 ■ ■ ■ ■ 

5 

Boron . 

10-82 

11,10 

6 

Carbon , 

12-010 

12, 13 

7 

Nitrogen 

14-008 

14, 15 

8 

Oxygen 

16-000 

16, 18, 17 

9 

Fluorine , . 

19-00 

19 

10 

Neon 

20-183 

20,22,21 

11 

Sodium . • . 

22-997 

23 

12 

Magnesium 

24-32 

24, 25, 26 

13 

Aluminium . 

26-97 

27 

14 

Silicon . 

28-06 

28, 29, 30 

15 

Phosphorus . 

31-02 

31 

IS 

Sulphur 

32-066 

32, 34, 33 

17 

Chlorine . 

35-457 

35,37 v ■■ v 

18 

Argon . 

39-944 

40, 36, 38 

19 

Potassium 

39-096 

39,41,40 

20 

'Calcium 

40-08 

40, 42, 43, 46, 48 

21 

Scandium 

45-10 

45 . 

22 

Titanium 

47-90 

48, 46, 47, 49, 50 

23 

Vanadium 

50-95 

51 

24 

Chromium 

52-01 

. 52, 53, 50, 54 

25 

Manganese 

54-93 

55 

2$ 

Bon 

55-84 

56,54,57,58 

27 

Cobalt . 

58-94 

59,57 - ‘ 

28 

Nickel . * 

.58-69 

58*60, 62, 61, 64 

29 

Copper . 

63-54 

63, 65 ’ 

30 

Zinc 

65-38 

64, 66, 68, 67, 70 

31 

Gallium 

69-72 

69,71 

32 

Germanium . 

72-60 

74, 72, 70, 73, 76 

33 

Arsenic . * .• 

74-91 

75 

34 

Selenium 

78-96 

80, 78 , 76 , 88, 77 , 74 

35 

Bromine 

79-916 

79 , 81 

36 

; liypton ' " A’; 

•83-7 ‘ 

84 , 86 , 82, 83, 80, 78 




ATOMIC STRUCTURE— PART I 


Atomic 

No. 


Atomic 

Wt. 


37 Rubidiom 

38 Strontium 

39 Yttrium 

40 Zirconium 

41 ^ Niobium 

42 * Molybdenum 

43 * Masurium 

44 Ruthenium 

45 Rhodium 

46 ^ Palladium 

47 Silver . 

48 Cadmium 


49 Indium 

50 Tin 


51 Antimony 

52 Tellurium 


53 Iodine 

54 Xenon 


55 Caesium 

56 Barium 


Lanthanum . 
Cerium . 
Praseodymium 
Neodymium . 


61 Illinium 

65 Samarium 


63 rEuropium 

64 Gadolinium 


65 Terbium 



— 
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Isotopes. 


Radioactive 

Isotopes. 


Bismuth 


Polonium 


Emanation 


Eka-esesium 

Radium 


Actinium 

Thorium 


Proto-actinium 

Uranium 
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40. The Whole-Number Rule, and Deviations from it. — Attention, 
has already *been called to the fact that the masses of isotopes are all 
very nearly whole numbers, and that therefore Front’s hypothesis is 
more nearly true than was believed during the last century. This fact, 
of course, is what would be expected when it Is realised that the electron 
lias an extremely small mass, and that even 92 of them, the maximum 
number of extra-nuclear electrons found in any element occurring 
naturally „will weigh only a small fraction of a unit. 

- It ia>~however, true that there is usually a very slight deviation from 
the rule that the mass of an isotope is a whole number. This difference 
varies from nucleus to nucleus and is sometimes positive, but more 
often negative. To express it, Aston introduced the term packing 
fraction , which is defined as 

isotopic atomic weight - mass number ^ 
mass number 

As we have seen, nuclei are made up of protons-and neutrons. Roth 
the proton and the neutron have masses slightly greater than 1, but, 
except for the lighter nuclei the mass of the isotope is slightly less than 
the mass number. Hence, in these cases, when the protons and neutrons 
come together to form nuclei some of their mass disappears. It must 
be converted into energy. The amount of mass converted into energy 
varies with the way in which the protons and neutrons are packed in 
the nucleus — hence the term packing fraction. 

It is a general principle that the less energy a system contains the 
more stable it is. Hence it would be expected that nuclei with negative 
packing fractions would be stable, and those with positive ones would 
be unstable. Although this is not completely true, other factors entering 
into the question, the packing fraction certainly has some bearing on 
the stability of nuclei. 

A curious alternation in the packing fraction is noted with the 
lighten elements (atomic numbers 10-31) as we pass from elements of 
odd^atomic number to their neighbours with even atomic numbers, the 
elements of odd atomic number having a higher packing fraction than 
the Adjacent elements. This would imply am alternation of stability. 
There are several other properties of elements which alternate in the 
samewayf 

It is entirely because of the fact that nuclei have different packing 
fractions that it is possible, by changing on© nucleus into another, to 
set free vast amounts of energy (§ 47). 

41* The Physfeal Determination of Atomic Weights.— If we knew 
the packing-fractions of the different elements and the proportions of 
the isotopes occurring in the element as cojpmonly prepared, it would be 
possible? to calculate the atomic weight. 
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Table XI. — Packing-fractions of Atoms 
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.jPackiag-fracidoii 
x 10*. 


Atom, 


Atom* 


s2 Cr 

!8 Kr 

79 Br 

a »Kr 

81 Br 

82 Kr 

83 Kr 

84 Kr 

86 Kr 

98 Mo 

100 Mo 


134 Xe 

Ba 

ZOOJfg 


This had been attempted almost as soon as tho existence of isotopes 
of the common elements had been proved. The relative abundaneg of the 
isotopes was estimated visually from the photographs obtained by the 
first mass-spectrograph. At first the results were found to be in excellent* 
agreement with the chegiical values; but when krypton was studied, t"he 
first serious discrepancy arose. With this dement six lines were found, 
each of them corresponding to an integral mass, and therefore belonging 
to a definite isotope. The position of the centre of gravity of this group 
was estimated, and gave an atomic weight for the element of 83-5 ± 0-3. 
The international figure, based on determinations of the density, was 
82-92. With boron, twt. isotopes were found of masses 14 and 11, and 
the atomic weight calculated from these was less-than the chemical 
value of 10-90. Xenon gave a mean value of 131-3 ± 0-3, whereas the 
international value was 13045. The greatest discrepancy of all was with 
antimony, tlra> isotopes of which were 121 and 123, whereas the inter- 
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national atomic weight was lower than either, viz., 120*2* Beryllium, 
according to positive ray analysis was a simple element, and hence its 
atomic weight should be integral. The value accepted was 9*1, which 
was considered to be too far removed from an integer. The fact that the 
physical values differed from the chemical in these cases led to a redeter- 
mination of these atomic weights by chemical methods, and in the cases 
of boron, beryllium and antimony, the discrepancies were reduced to 

* very smalh magnitudes, although they remained for krypton and 
xctaon. ,r * 

Tfaelfost actual determinations of the relative abundance of isotopes 
' in a given element, apart from the somewhat rough visual determina- 
tion, were carried out by Dempster, who analysed the positive rays 

* magnetically, and compared the currents caused by the rays due to the 
various^ isotopes, when they ionised a gas. The method has already been 

- described {§ 89). The masses of the isotopes were not determined, but 
by assuming that the whole number rule was valid, he was able to show 
that the atomic weights of potassium, magnesium, calcium and zinc 
were in fair agreement with those derived chemically. 

In 1925, Aston devised the second mass-spectrograph, which has 
already been described, and with its aid he was able to show that the 
whole number rule was not strictly valid owing to the existence of 
^ 4 ‘packing-fractions”. 

When these are known the correct mass of any isotope can be written 
down, and this is, of course, a preliminary to any calculation of atomic 
weights by the physical method. It was still necessary, however, to 
devise some more accurate method of comparing the relative abundance 
of the isotopes in any given element, and this was don© by Aston, who 
invented^ photometric method of estimating the intensity of the 
blackening on the«photographic plate upon which the isotopic lines were 
registered. 

At first krypton was taken as the standard element, as it has six 
isotopes, and provides rays in which it is safe to assume that the 
proportion of the isotopes does not vary. The relative abundance of 
t?he isotopes of mass 84 and 86 respect ively was first determined by the 
„ methlM of interaaittent exposures. By a special mechanical arrange- 
* ment the lines were photographed with normal and with reduced times 
of exposure; the ttro images being separated from each other by slightly 
varying the electric field. The effect of this change of field was eliminated 
by taking the next picture with the field change reversed. By breaking 
up the exposure into small ones the continuous change in the intensity 
of the source was compensated for as far as possible. The ratio of the 
exposures was altered. until the stronger of the two lines and the normal 
on© of the weaker were virtually equal. The ratio for correct equality 
was calculated, and when corrected for the effect of the penumbra of the 
' neighbouring lines and for the relative positions of *he two lines on the ■ 
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plate, the value 3-41 was obtained for the ratio of the abundance of 
® 4 Kr,' compared with that of 88 Kx. The process was repeated for the 
other isotopee, and the following figures were obtained for the percentage 
abundance of the isotopes: — 


These give a “mean mass number” of 83-857, which, when corrected, 
for a packing-fraction of - 8-8 in 10,000 gives the atomic weight 
(0 = 16) as 83-783. This was considerably higher than the chemical 
value (82-92) then accepted. Allen and Moore (J. Amer. Chem. Soc., 
1931, 53, 2512) then redetermined the density of krypton from liquid air 
residues, and found the value 83-6 for the atomic weight, which is in 
agreement with Aston’s figure. The international value now accepted 
is 83-7. 


Table XII. — Chemical and Physical Atomic Weights 
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The atomic weights of the other elements were more difficult to 
determine* sefe the apparatus would not resolve the lines sufficiently to 
enable one of the lines to be photographed between two others without 
overlapping. In this case, a large number of short exposures of different 
times was used* and the best mean values adopted from the curves 
obtained. 

The atomic weights of a large number of elements have now been 
determined by this physical method, and some of the results are given 
in Ta^Ie XII. 

Where the values differed from those accepted and determined on the 
chemical basis, re-determination on this basis has usually shown that 
the physical method gave the correct result. The atomic weight of 
-selenium, which differed from the chemical value by 0*24 unit, was 
re-determined chemically by Honigschmid, who found a value close to 
that obtained physically. 

, 42., The Separation of Isotopes. — The separation of isotopes is a 
matter of extraordinary difficulty. Nevertheless the work leading to 
nuclear fission and the utilisation of atomic energy depended upon 
the large scale separation of isotopes, and great strides have been 
made towards the solution of the problem, especially in specific 
cases,, 

r Physical methods are commonly used. The first method that would 
appear to be possible would be to use a positive-ray apparatus, for, as 
we have already seen, this separates the isotopes completely. Oliphant, 
Shire, and Crowther (1934) obtained very small amounts (rather less 
than one ten-millionth of a gram) of the isotopes of lithium of mass 
number 6 and 7 by this method. The apparatus has since been much 
improve! and t^e method has been used to separate the isotopes of 
uranium on a large scale in connection with nuclear fission. 

Where there are differences in density, it should he possible to 
separate isotopes by the process of diffusion. This has been tried with 
hydrogen chloride, but the process is very tedious, since the difference 
•in density is so small. Harkins, who attempted to separate hydrogen 
eKlofide into two fractions, employed 20,000 litres of the gas, and 
obtained finally a difference of molecular weight of 0*055 unit. Aston, 
somewhat*earlier, had attempted to separate neon into fractions by the 
same method, and finally obtained two fractions having densities 
20*1.5 and 20*28 respectively, the normal density being 20*20. The 
neon isotope of mass 22 has now been separated perfectly from the 
Isotope of mp 20Jby a diffusion process. «s 

The fact that the rate of evaporation of a mixture of atoms varies 
with the mass of the atom has also been used for their separation, A 
grater number of the light atoms will escape from the surface in a given 
tnaae* and the residue will therefore be richer in thejieawer atoms. The 



rates of evaporation of otherwise identical atoms under the same condi- 
tions arc inversely proportional to tho square root of their*masses. By 
keeping the pressure on the surface of the liquid low, none of the atoms 
escaping will return to the surface, and so a partial separation can bo 

effected. 

The method has been used by Bronsted and Hevesy in the separation 
of mercury into two fractions, one containing a greater proportion of the 
lighter isotopes, and one containing a greater proportion of thqjjeavier. 

Tho mercury was allowed to evaporate in a high vacuum, at a tempera- 
ture of 40°-60° G., and was condensed on a surface 1-2 cm. away, cooled 
in liquid air. Actually, the mercury was placed in the space between the 
two waliiJ'of a Dewar flask containing liquid air. The lighter atoms which 
evaporated oflufirst were condensed to tho solid state on the cold surface,, 
and therefore had no chance of returning to tho liquid. After the 
evaporation had gone on for some time, the mercury residue was removed, 
and the solid distillate was melted, and kept apart. The process was 
repeated with this, and so on. If tho density of ordinary mercury is 
taken as 1, tho densities of tho lightest and heaviest fractions were 
0-99974 and 1 -00023 ifcspeetively. /A-:;; 

Harkins improved the apparatus, and by working on a larger scale was 
able to obtain mercury having an atomic weight differing by 0-189 unit ^ 
from that of ordinary mercury. The experiment has also been repeated, 
by Hd nigschmi d and Birckenbach, who obtained fractions of atomic 
weights 200-564 and 200-632 respectively, whereas the atomic weight of 
ordinary mercury is 200-61. 

Tho method has also been applied to potassium by Hevesy, and to 

zinc by Egerton. 

The fractionation of isotopes by electrolysis is a method that has been 
used, particularly in the separation of the hydrogen isotopes. Kendall 
(1933) claims to have effected a slight separation of mercury isotopes 
by this method. Electrolysis of an acid solution of mercurous nitrate, 
using a low voltage, and low current density, gave mercury with a 
density 0-999981 that of ordinary mercury. . • 

The method of thermal diffusion has been applied very successfully 
to the separation offisotopes by Clusius and Diekel (1938). It is based * 
primarily on an observation by Enskog (1911), who showed that if a 
gaseous mixture of molecules of different mass was enclosed in a tube 
which was hotter at one end than at the other, the heavier molecules 
would tend to diffuse towards the cooler end. This process of thermal 
diffusion would go bn until it was balanced by the ,effee1* of ordinary 
diffusion, which would, of course, _ work in the opposite direction. 

Whilst this process may bring about a reasonable separation of gases 
which differ considerably in mass and nature, without modification it is 
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in mass. In the method devised by Enskog, and used by Chapman and 
Dootson for the separation of a mixture of hydrogen and carbon dioxide, 
convection currents are avoided by having the hot 
plate parallel to, and above, the cold one. If, however, 
the parallel plates are placed vertically convection 
p currents may be made to enhance the separation. In 
^ the diagram convection currents occur as shown by the 
^ arrows. At the same time thermal diffusion brings 

^ about a concentration gradient with the lighter com- 

^ * ponent near the hot plate. This gas reaching A is 
carried upwards, that at B travels downwards. This 
means that the lighter fraction will become concern 
■f/A trated at the top of the apparatus and, the heavier at 
y the bottom. In the apparatus used by Clusius and 
^ Dickel for this purpose, a vertical glass tube was used 
^ with an electrically heated wire running down the 
centre. The glass tube was cooled on the outside by a 
current of cold water. With apparatus of this kind, the 
Fig. 36. tube being 36 metres long, the isotopes of chlorine 
r have been separated almost completely. 

The method has been used to obtain the uranium isotope of mass 235 
r for nuclear chain reactions in uranium (§ 49). In this case uranium 
hexafluoride, UF 6 , was used as the carrier gas. 

The method of thermal diffusion can also be applied to liquids, but is 
limited to substances which are not decomposed at the temperature of 
the hot wire. 

Although the chemical reactions of isotopes of an element are very 
similar Jf the rates of these reactions differ when the different isotopes 
are used, and this fact can be employed to effect a partial separation 
of isotopes. We may consider the simple reversible exchange reaction 
between the light isotope of hydrogen *H 2 , or simply H 2 , and heavy 
waten 2 H 2 0, or D 2 G (the symbol D stands for the heavy isotope of 
hydrogen which is called deuterium): 

H* + D 1 O^D a +H J £. 

' * * 

It is found that if ordinary hydrogen is slowly bubbled through heavy 

water, so that equilibrium is attained, the gaseous product contains an 
increased proportion of deuterium. In the absence of a catalyst 
however, the attainment of equilibrium is so slow that the reaction is 
\ of no practical use. e r 

A similar reactyn occurs between oxygen and water: 

+ 2H 2 18 0 ^ i g 0 2 + 2H 2 16 0, 

* 

, 1 but a relatively high temperature and a catalyst normally required 
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if tli© reaction is to proceed at a reasonable rate. The proportion of 
lS O g in atmospheric oxygen is greater than in water am? it is thought 
by some that the above reaction is responsible for this. 

* The difference in rate of reaction of isotopes is due mainly to differ- 
ences in zero-point energy, i.e., the energy which a molecule still 
possesses even at the absolute zero of temperature. This depends on the 
mass of the molecule. Other factors influencing the equilibrium 
constant of* an exchange reaction are the molecular weights and 
moments of inertia of the molecules w'hich are again, of course* deter- 
mined by the masses of the component atoms, 

43. The Hydrogen Isotope, 2 H, or Deuterium, B.— ! The fact that 
the physical atomic weight of hydrogen differed from the chemical „ 
value, though by very little (the physical atomic weight is 5*00750, 
whilst the chemical value is 1*0078, both calculated on the chemical 
standard) led Birge and Menzel in 1931, to suggest that ordinary 
hydrogen consists of a mixture of the atoms of mass 1 (approx.), and a 
very small amount of an isotope of double this mass, only the former 
having been observe^ in Aston’s experiments fixing the physical atomic 
weight. The more recent work has shown that the difference between 
the two atomic weights can be approximately accounted for by the 
proportion of the isotope present, the ratio of the abundance of X H to ^ 
that of 2 H being 6,500 to 1. 

The residues left after the evaporation of large quantities of liquid 
hydrogen were found to give faint lines corresponding to 2 H, when 
examined spectroscopically (Urey, Briekwedde and Murphy, 1932). 

In 1932 Bainbridge also demonstrated the existence of the isotope by 
.means of the mass-spectrograph, obtaining a value for its mass of 
2*01351 ± 0*00018, referred to 16 0 = 16. Thq nuclei® of the 
heavy isotope of hydrogen is sometimes called the deuteron. It consists 
of one neutron and one proton.’ •■■V' 

The separation of the hydrogen isotope was carried out by Washburn 
and Urey, in 1932, by the examination of wafer from commercial 
electrolytic cells which had been working for some years. There was 
shown to be more 2 H ip this water than in ordinary water. Lewis and ^ 
Macdonald electrolysed 20 litres of water from an old electrolytic cell, * 
which contained alkali, with a current of 250 amperes, untiLthe volume 
was only 10 per cent, of the original. One-tenth was neutralised with 
carbon dioxide and the rest distilled. Then the two sets were combined. 
The process was repeated until only 0*5 c.c. was left. The water they 
finally prepared had a Specific gravity of 1 *073, and^robaJbly contained 
65 per cent, of heavy water, 2 H 2 O rf m 

If water is distilled through a long fractionating column, quite a large 
separation of isotopes results, especially if the work is carried out under 
reduced pregs*ire. ^Practically pure “heavy water” was obtained by 
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Lowte and Macdonald, who found that its freezing point was -f- 3*8° 0., 
and boiling plant 10142° C. Many other physical properties of the water 
have been examined. It has a maximum density at 1 1*6° 0. 

The hydrogen isotope, 2 H, itself has been prepared in a state of 
purity by Hertz, Schulze, and Harmsen, by a process of diffusion. Since 
the two isotopes differ in mass by approximately 100 per cent., their 
separation^ by this method should be much more easy than for other 
elpraenjr, Water from an electrolysis apparatus was* reduced by 
magnesium. The hydrogen thus obtained consisted of HIg, and com- 
posite molecules, made up of an atom of each isotope, *H 2 H, with only 
a small amount of 2 BL By passing the electric discharge through the 
mixture, the composite molecules were broken down into their atoms, 
which recombined to form molecules of AHg and 2 H 2 . The mix ture now 
contained only the two molecular species, and was readily separated 
into the two constituents by diffusion. In this way the 2 H isotope was 
obtained spectroscopically pure..- /VU. 

In most cases, the chemical properties of isotopes are very nearly the 
same, and this also applies to compounds made frpm different isotopes. 
In the case of hydrogen, however, this does not appear to be so, for the 
compounds made from one isotope are different in some important 
respects from those made from the other. Thus, “heavy water”, which 

2 H 2 0, is toxic to certain forms of life, a fact which had been predicted 
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of oxygon. If, however, the scale H == 1 is taken, the equivalent of 
oxygen is no longer 8, and moreover its determination will not be a 
simple matter, since it depends on the composition of water. 

With the existence of the two isotopes of carbon, 12 C and 13 C, and the 
two isotopes of hydrogen, the properties of which are different from each 
other, a new organic chemistry is possible, in which the compounds 
are made by combination of the various pure isotopes* The use 
of heavy wafer in medicine may also prove a useful field of '^earch. 

A preparation containing 30 per cent. 2 H 2 0 is now a commercial 
article. " !.v 

Heavy water has proved to be of importance in the controlled chain- 
fission of uranium {§ 50), * 

44. Variation o! the Atomic Weight of an Element with its Source.— 

It is a curious fact that no matter how an element is prepared chemically 
in the laboratory, the proportion of the isotopes present in it is always 1 he 
game. This may not be so, however, with naturally occurring elements 
and compounds. Some of these may have been formed from radioactive 
sources, and may hay© different atomic weights according to the source 
from which they are derived. This is known to be the case with lead. 
Lead minerals derived from different radioactive sources have different 
atomic weights. Thus the atomic weight of lead from a deposit supposed 
to have come from uranium was 206*08, a mixed Australian mineral 
gave an atomic weight 206*34, whilst ordinary lead has the atomic 
weight 207*19. * 

The atomic weight of calcium is found to differ according to its 
source. A. V. Frost and O. Frost claim to have found a concentration 
of 44 0a in a specimen of potash felspar, the value 40*23 being obtained 
for the atomic weight of the calcium in this mineral* whereas that of 
ordinary calcium is 40 * 08. 1 

The atomic weight of three specimens of boron from different sources 
gave the values 10*847, 10*823 and 10*818. The differences are too great 
to be ascribed to experimental error. As boron is light, its isotopes differ 
in mass by 10 per cent., and consequently the effect is more marked* 
with this element than with others. ■ ■, 

The variation in atomic weight of hydrogen according to its source has 
already been mentioned (§ 43). * 

45, Atomic Transmutation. — The radioactive elements are con- 
tinually undergoing spontaneous disintegration, and new elements are 
being formed. Thi%process is going on continuously, and no method of 
stopping, or of accelerating it is known. Thus,^ tranSmutation is 
occurring, but we have no control "over it. 

' / ‘ & 'Oft of atomic weight 40*28 is supposed to have been formed from El 41 by a 1 , : 
0-ra y change. The existence of Ca of high atomic weight in minerals has been 


confirmed by Kendall, Smith, and Tait. ^ 
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It is to the transmutation of ordinary elements that attention is called 
by recent research. The properties of an element depend on the atomic 
number, which is numerically identical with the resultant positive 
charge on the nucleus. To transmute an element, the nucleus must be 
altered artificially, i.e., the process which goes on naturally with the 
radioactive elements must be carried out in the laboratory. Practically 
all the mass of the atom is concentrated in the nucleus, and eonse- 
quentl^lmost all the energy. If any change is to be brought about in 
the nucleus, energy of a similar amount and concentration must be 
supplied.' I'- -i/-; : 

a-particles from radioactive bodies are fairly heavy, and although 
their speeds do not approach those of ^-particles, they are possessed of a 
fairly great amount of energy. According to the Einstein theory of 
relativity, the mass of a moving charged body depends upon its velocity, 
becoming infinite when the velocity is that of light {§ 22). The more 
rapidly the a-particle moves the greater is its kinetic energy (fma 2 , 
where m is the mass, and v the velocity), not only because the velocity 
increases, but because, in consequence of the latter, the mass also 
increases. The more rapidly moving a-particles will therefore be 
possessed of high energy. 

Rutherford, in 1919, found that when a-particles of range 7 cm. from 
Ra-jB and Ra-(7 were fired into nitrogen, a certain amount of trans- 
mutation took place. The tracks of the particles were made evident by 
means of scintillations and by the Wilson cloud-chamber (§ 21), and 
evidence' was found of the formation of high-speed hydrogen nuclei or 
protons. It must be remembered that the amount of transmutation 
was exceedingly small, and would never have been observed unless 
extraordinarily sensitive methods had been used for detecting it. 
Other elements were found to be disintegrated in the same way. Boron, 
nitrogen, fluorine, sodium, aluminium, phosphorus, neon, magnesium, 
silicon, sulphur, chlorine, argon and potassium, all gave a small number 
of charged hydrogen nuclei on bombardment with swift a-particles. 

* It^has been pointed out that in order to obtain transmutation, 
particles possessing high energy are required. These need not ^be 
a-parfcicles; protons will also^erve the purpose. Attempts to use protons, 
however, from sources such as discharge tuSes, were not at first success- 
ful, owing to the fact that it seemed to be necessary to employ very high 
potentials in the discharge tubes to obtain protons with the requisite 
energy. These difficult were entirely overcome by the adoption of a 

■ mthodl. After passing through the “canal”, they 'were 
a highly evacuated space, and then accelerated by means of 

jiod of obtaining rapid protons was u5ed success by 
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Cockcroft and Walton. By passing the protons from a discharge tube 
through a field of 125,000 volts in an evacuated space they were speeded 
up to such an extent that they possessed velocities comparable with 
those of the a-particles from polonium. Bombardment with these high- 
speed protons was applied to the disintegration of lithium. A large 
number of a-particles was emitted. The change appears to be that the 
nucleus of lithium, of mass 7, and atomic number 3, which contains 
3 protons and 4 neutrons, takes up one proton, and then splits isato two 
a-particles of mass 4 and charge 2: — # 

‘Li + m = 4 He + 4 He. 


Boron is quite easily broken-down by protons, with the emission o£ 
a-particles. The boron nucleus of mass II, and containing five protons, 
takes up a proton of mass 1 , and breaks down into three a-particles:— 


Another method of producing rapid protons for these experiments 
has been devised by Lawrence In America, and by Gerihsen in Germany, 
They have accelerated the particles by making them pass through the, 
same potential over and over again. The process is known as “multiple 
acceleration”, and is carried out in a cyclotron. In this way they have 
been able to produce protons of energy 1-5 million volts, by using an 
accelerating potential of only 10,000 volts. Oliphant and Rirfcherford 
devised a special accelerating tube which will produce a narrow and 
intense stream of protons with voltages up to 200 kilovolts . 

Other types of apparatus used for the production of high-speed 
particles are the betatron and the synchroton. *• 

Hard y-rays are also possessed of sufficient energy to bring about 
disintegration. It will be shown in the next chapter that the energy 
associated with a radiation of frequency y, is proportional to the 
frequency. Thus, the smaller the wavelength, the greater the frequency,, 
anS the greater the energy. ^ * 

Neutrons are pacticitlarlj valuable as* bombarding particles for 
bringing about atomic transmutation because they are uncharged. 
Charged particles are slowed down considerably in passhfg through 
matter because of the other charged particles (electrons and protons) 
with which they interact. A neutron, however, goes straight on until it 
encounters a nucleus hegd-on; if it is then captured an unstable nucleus 
may result, when an artificially radioactive nucleus wifi have been 
formed. Chi the other hand if the nucleus is stable, the original element 
will have been changed to another. 

. Experiments on atomic transmutation have been carried out, using' 
the nucleus of the ^hydrogen isotope, 2 H, or d§uteron, as the firing 
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particle. It possible in this way to transform lithium into helium, and 
nitrogen into carbon. 

e Li + 2 H = 2 4 He, 

14 N + 2 H = 12 C + 4 He. 

Summing up, the artificial disintegration of the elements can he 
brought a^out by bombardment of the atom with protons, deuterons, 
a-partirfes and neutrons. The processes are reversible and take place 
according to the general equations 

A -f a ^ B -j- H*, 
or ® 

There is thus in the nucleus an exchange of a helium nucleus with a 
proton, or with a neutron. The first of these reactions may be written 
A(ap)B : tins means that A is bombarded with a-partieles, which 
leads to the production of B and protons. The reaction is called an 
ap reaction. Similarly the second reaction may be written A(ara)B 
and is called an an reaction. * 

in all these processes, the disintegration apparently stops when the 
bombarding particles are switched off, but Curie and Joliot discovered 
$n artificial radioactivity when certain elements are disintegrated. The 
radioactive elements themselves possess unstable nuclei, and the latter 
break down according to an exponential law. When aluminium is 
bombarded with polonium a-parfcicles, the final product is the silicon 
nucleus of mass 30 and charge 14, together with neutrons and positive 
electrons: — ^ 

5JA1+ tm-*llSi + n + e+ 

The top figures indicate masses, the lower ones charges. 

When the bombarding a-particles are removed, evidence of the 
emission of positive electrons can still be obtained. Meitner photo- 
_ graphed them nine minutes after the bombarding particles had been 
switched off, using the cloud-chamber method. There is evidence {hat 
the primary change in this disintegration is * 

~ ;;ai + jho ->; sp+n. : • ' ' ^ • 

The 30 B nucleus is unstable, and breaks down like the nucleus of a radio- 
active atom, according to the equation 

° ;sp-*f2 si + e+ . ^ 

Bus change occurs even when there is no bombardment taking place; 
a is an artificial radioactive change, and follows the exponential law for 
decay. ^ ^ . 
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Similarly Meitner has photographed the emission of positive electron] 
from boron twelve minutes after exposure to polonium a-particles 
The total change here is , 

^B+f 2 He™>\ 3 0 +n + e*; 
hut the primary change is doubtless 


with the radioactive disintegration of the unstable nitrogen nucleus 
according to the equation 

l ?N ^l 6 S C+e + . • |i 

Fermi has shown that slow neutrons can react with almost all nuclei, 
giving, in most cases, radioactive products. Bombardment with slow 
neutrons can lead to four types of reactions (na) 9 (■ np ), (ny) and (n 2 n). 
The products of the first three types of reactions are radioactive and emit 
negative electrons; $iose of the (n 2n) reaction can emit either positive 
or negative elections. The (ny) is the most common of these reactions. 

A very large number of nuclear reactions have now been studied, and 
it is impossible in a general text-book to mention any of them in detail. 
A list of nuclear reactions giving rise to artificial radioactivity wFi$h 
have been investigated will be found in the specialist text-books, such 
as those named at the end of this chapter. # 

46. , The Detection oi Atomic Transmutation.— In the early work on 
atomic transmutation the amounts of the products were so small as to 
bo imweighable and even too minute to respond to chemical tests. 
Although a few elements have now been obtained by this method in 
quantities large enough to admit of chemical identification, and even 
to enable their properties to be studied, the majority of the products 
are identified by physical methods. «• 

Fast-moving charged particles are capable of ionising molecules of 
gases. This ionisation can be detected in a number of ways. One method 
is by means of the Wilson cloud-chamber already described (§ 26). "^This 
is very largely used beeai&e not only does it enable the existence of 
particles to be detected, but a quantitative estimate of their mass can 
be obtained from the length of the tracks. 

Other apparatus for detecting and measuring ionisation are the 
various types of “epunter”, The Geiger-Miiller counter consists 
essentially of a wire surrounded by a tubular elect Axle id an ionisation 

produce primary ions in the gas in the' chamber. ^ If the potential 
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is initiated in the gas. This means that a current flows between the 
electrodes, and can be detected in the usual way. The current would, 
however, continue indefinitely once the discharge was started, and some 
method has to be adopted to “quench” it. There are various ways of 
doing this which need not be entered into here. 

A modification of the Geiger-Miiller counter is the proportional 
counter which is so arranged that the total number of ions produced is 
proportional to the number of primary ions formed. It is possible with 
tills apparatus to distinguish between ionisation produced by different 
types of particles. 

Neutrons, of course, cannot be detected directly by means of ionisa- 
tion, as, being uncharged, they are unable to produce ionisation in a 
gas. However, the ionisation method can still be used indirectly. The 
neutrons are made to bombard atoms, usually boron, which leads to 
the production of lithium nuclei and alpha particles. These have suffi- 
cient energy to bring about ionisation in an ionisation chamber or 
counter. 

Another method of measuring neutron densities is to use the neutrons 
to produce artificially radioactive nuclei and then measure the degree 
of activity of the product. 

*47. Energy Considerations. — It has already been stated that the 
particles making up the nucleus of elements may be packed in different 
ways so that the total mass is not necessarily the sum of the masses 
of the constituent protons and neutrons. It has also been stated that 
there is no law of conservation of mass, but a law of conservation of 
mass and energy taken together. If, then, the nucleus of an atom 
could be^made up from its constituent parts, and its total mass were 
less than the sunt of the masses of these parts, the difference would be 
radiated as energy. It has not been possible to build up nuclei in this 
way, but it has been possible, by the methods outlined above, to 
change* nuclei into others. In these cases it might well happen that the 
sum of the masses of the interacting particles was greater than the sum 
of^the masses of the products, in which case energy would be made 
available. r - n 

To take a simple example. The bombardment of lithium with 
energetic protons gives rise to helium nuclei, the reaction being 

pi+iH-*2*He 

The mass of 5 Xi is £'01818, of 1-00813, and of 4 He 4-00389. The total 
M»bs on th© left-hand side is thus -8-02631 uijits, and on the right 

8*00778 rants. Hence 0-01853 units of mass have disappeared and will 
be transformed into energy. r 

if we deal in grams $-01853 gm. of mass disappear fo/'dvery 8-00778 
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gm, of helium produced. To find out the energy corresponding to this 
loss of mass we use the Einstein energy relation 


where E is the energy, m is the mass, and c is the velocity of light. 
Substituting 0-01853 gm. for m and 3 X 10 10 cm. per sec. for c 

E = 0-01853 X 9 X X0 20 ergs 
=? 0*16677 X 10 20 ergs = 4*63 X 10 5 kilowatt ho!rrs» 

Thus, a very considerable amount of energy is set free. It is, of course, 
attached to the helium atoms formed, which move away with this 
energy. This has been verified experimentally, and is a strong con- 
firmation of the truth of the Einstein relation. 

The questloh arises as to whether this energy is economically^wortlr 
tapping, and, if so, how it can be utilised. In the case of a simple 
nuclear reaction like that quoted above, considerable energy has to be 
used to impart sufficient energy to the protons to enable them to 
penetrate the lithium nucleus and interact with it. Even then, very few 
of the accelerated protons actually collide with lithium nuclei. There is 
thus a considerable waste of energy, and it would actually be unprofit- 
able to utilise reactions similar to the above for the production of 
atomic energy. 

As has been mentioned, neutrons are more effective than other 
particles in bringing about nuclear reactions, and it might be expected 
that better results would be obtained in this case. The trouble here is 
that neutrons are difficult to produce. They may be obtained by the 
action of a-particles from radium on beryllium, but radium is very 
expensive; they can also be produced by bombarding light elements 
with ion beams. In this case we have the same difficulty ar before, 
namely, that few ions are effective in producing neutrons, and the 
process would use up more energy than it produced. 

The whole difficulty has been overcome by the discovery of a nuclear 
reaction in which neutrons are actually produced. These afe able 
to transform neighbouring nuclei when more neutrons are emitted.c 
Such a reaction is called a chain reaction, and once started proqeeds 
spontaneously. r ° y : ;;' y r 

48. New Elements. — When uranium is bombarded with neutrons 
two processes can take place, neutron capture, and nuclear fission. 
Neutron capture occurs when a nucleus of the uranium isotope of mass 
238 captures slow neutrons giving uranium 239: 

This is an example' of a (n y) reaction. r 

Uranium 239 is radioactive and emits ^-particles giving an element of 
atomic number 93. This Element, called neptunium, Np, does not 
occur in nature. 'Neptunium decays with ^-particle emission to 
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element 94,^ plutonium, Pu. The half-lives of 23 9 U and Np are 23 
minutes and 2-3 days, respectively. Plutonium is also radioactive. It 
emits a-particles and has a half-life of 24,000 years. Thus, the result 
of neutron capture is that the 238 U is converted to plutonium, which is 
comparatively stable. . 


23&U ^ 239 Np ^ 239 Pu. 

^ ' 23 min. 2*3 days 

In ^addition to elements 93 and 94, elements 95 (americium, Am), 
96 (curium, Cm), 97 (berkelium, Bk), and 98 (californium, Cf) have 
also been prepared artificially. 1 The elements 90 to 98 are thought to 
form a part of a second rare-earth series called the actinides (the first 
.rare-earth series called the lanthanides starts with ther element after 
lanthanum). Some think, however, that the second rare-earth series 
begins with uranium. v . 

Nuclear reactions have not only produced elements of higher atomic 
number than uranium, but have also been responsible for filling in the 
gaps of the periodic table at elements 43, 61, 85, and 87. 

49. Nuclear Fission. — As previously stated* uranium can also 
undergo fission. In this process the nucleus splits mainly into two large 
fragments and two or three neutrons. Fission occurs when 238 U or 
l Z5f V is bombarded with fast neutrons, or better when 236 U is bom- 
barded with slow neutrons. A number of nuelefhave been identified 
as the two larger fission fragments. They range from zinc, of mass 
number*70, to europium, of mass number 160. Barium and krypton 
and the nuclei close to these elements are the chief products. The 
products are all radioactive and go through a number of ^-decays 
before caching stability. The series of decays may involve up to six 
stages. 

The mass of the fission products is less than that of the original 
nucleus. Hence a large amount of energy corresponding to this loss of 
mass is released in each fission. The average energy released per 
fission is 200 X 10 s electron-volts. The neutrons emitted during a 
fission can then bring about further fissions and thus lead to a rapidly 
propagating chain reaction, which is accompanied by the release of a 
large quantity of energy. Plutonium is aMo fissile. The chain reaction 
produced by the fission of 235 U or 239 Pu is utilised in the atomic bomb. 

50. Nuclear Reactors. — Nuclear reactors are used for the produc- 
tion of plutonium on the large scale. The reactor pile is a structure 
consisting of cylindrical lumps of uranium arranged in a lattice of 
graphite rods. Th| pile is surrounded by concrete to protect personnel 

on it from the effects of radiation. The action of the pile is 
IWrted by exposing it to a source of neutrons. Fission of 235 U is 
effected by the action of both fast and '‘slow neutrons with further 

Jf. x Tha preparation of elements 99 and 100 has recently &en aMouneed. 
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production of fast neutrons. Fast neutrons also cause the fission of 
23 s u nuclei. The fast neutrons are slowed by the graphite rods 1 and 
become slow neutrons. These can be captured by the 238 U nuclei 
leading to the production of plutonium, which, as has been said, is also 
fissile. When a pile is operating steadily one neutron of each fission 
should be available to give a further fission, so as to keep the pile 
operating. The remaining neutrons are available for the production of 
plutonium. The pile Is therefore a controlled chain reaction! If a pile 
appears to be getting out of control, cadmium rods can be lowered 
Into it. Cadmium captures neutrons very easily, and the result is that 
the neutron flux in the pile can be regulated. Nuclear reactions 
involving either fast or slow neutrons can be carried out by placing the 
substance to b© bombarded in the fast or slow neutron portion.of the. 
pile. The energy produced in the pile is likely to become an important 
source of power, 

51, The Positive Electron, or Positron.—Besides the neutron, another t 
particle, the positive electron, has been discovered. During the study of . 
cosmic radiation by the cloud-chamber method, some of the particles were 
found to be deflected, in an opposite direction from that suffered by the 
negative electrons, when a magnetic field was applied (Anderson, 1932; 
Blackett and Oeehialini, 1933). The particles must therefore bear a positive 
charge. They can also be produced by the bombardment of matter by 
hard y-rays, and by neutrons. The charge and the mass of the particle have 
been obtained from a study of the ionisation that it produces when passing 
through a gas. Anderson has shown that the difference in ionising powers 
off fast positive and negative electrons is certainly less than 20 per cent. 
The mass of the positive electron has been deduced by Blackett to be 
104 ± 0* 14, if the mass of the negative electron is taken as 1. 

It is obvious, then, that we are her© dealing with a positive particle 
smaller than the proton, yet bearing the charge of the proton. It has been 
customary to regard the proton as the elementary positive charge, but it 
seems likely that this place is taken by the positive electron. 

The positive electron cannot exist for long far outside the nucleus, and 
it is extremely probable that its explusion is accompanied by the simul- 
taneous expulsion of a negative electron. ^ 

52. The Neutrino. — Considerations of the angular momentum of the 
nucleus lead to the conclusion that if the laws of conservation of energy - 
and of momentum are to hold, the existence of a new particle, called jhe 
neutrino, must be postulated. It is very light, at least as light as the 
electron, and has no charge. Fermi, indeed, ascribes to it a zero rest-mass. 

Experiments to detect the neutrino directly have so far failed. This is 
not surprising in view of its exceedingly small mass and lack of charge. 
It is claimed, however, that experiments on the recoil of atoms emitting 
/1-rays, indicate its existence (Allen, 1942). Chadwick and Lee showed 
that if the neutrino does exist it produces less than one pair of ions in 
traversing 150 km. of air at N.TJP. T n 

1 53. €osmic Radiation. — The earth’s atmosphere in bombarded by a 
positively charged corpuscular radiation which is said to be cosmic because 
it eonies from outside the earth. The particles present in the radiation 
'before It strikes the, atmosphere are mainly protons and the nuclei of 
■I * The graphite*^ ealleda moderator. Heavy water can also be used for this purpose. 
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heavier atoms. These particles possess very large energies, but how the 
energy is acquired is unknown. This so-called primary radiation interacts 
with the uppermost layers of air in the atmosphere with the production of 
secondary particles. These can be neutral, positively, or negatively 
charged. Some of the secondary radiation strikes the earth. Secondary 
radiation is subdivided into hard and soft components. The latter consist 
of photons and positive and negative electrons, and is called soft because 
it is not very penetrating. In contrast the hard component is very pene- 
trating and can traverse large thicknesses of matter. The hard component 
is ma^a tip of mesons, which are unstable particles of mass intermediate 
between that of the electron and the proton. 

The most familiar of the many types of meson known to exist are the 
7T- and /x-mesons. The sr-partiele has a mass of about 273 times that of the 
electron, and can have either a positive or a negative charge. 1 A neutral 
particle (x°) also exists. The three types of Tr-meson are highly unstable; 
the charged ones decay with a half-life of 2*65 x 10~ 8 second into a 
p -meson and a neutrino. The uncharged meson decays with a half-life of 
about 5 x 10 ” 14 second into two energetic photons. It is this decay of 
uncharged sr-mesons that is thought to give rise in part to the soft com- 
ponent of cosmic rays. "'I ' v "V, 

The p -meson which is produced by the decay of the 7r -meson has a mass 
about 216 times that of the electron. It is more stable than its parent, 
decaying with a half-life of 2-2 x 10~ 8 second into an electron and two 
neutrinos. An important difference between the tt- and ft- mesons is that 
the 7r-meson has the power to interact with nuclei, occasionally breaking 
them into their constituent protons and neutrons. The interaction of 
-mesons on the other hand, is negligible. The bombardment of nuclei with 
high energy a-particles can result in the production of 7r~ but not of 
ft-mesons. These facts make it likely that the 7r-meson is the one which is 
responsible for maintaining the stability of nuclei {§ 54). 

The existence of T-mesons, which have a mass about 1,000 times that of 
the electron and which decay into three ?r -mesons, is well established. The 
x-meson of mass 1,100 times that of the electron and which decays into a 
/x-meson and two neutral particles has also been observed. There is some 
evidence for the existence of other types of mesons. It is possible that 
mesons at present thought to be different may later turn out to be identical; 
the apparent differences in properties may arise from the limitations of the 
experimental techniques used. In addition to mesons, particles (hyperons) 
heayior than the proton have been observed. 

V JEEL The Nucleus. — The particles in the nucleus are called collectively 
nucleons, and consist of protons and neutrons. The nucleus may^ be 
thaught of as a sphere of radius about 2 x 10~ 13 cm. This shape suggests 
the analogy of a drop of licojid; the particles in The nucleus correspond to 
the molecules in the drop of liquid. A nucleus can exist in various energy 
states. " 

The nature of the forces holding the nucleons together is one of the main 
problems of modem physics. In order to account for the properties of 
nuclei it is necessary to assume that the nuclear force has a very short range, 
that it can overcome the considerable electrostatip repulsive forces that exist 
between the protons in the nucleus, and that it is of the exchange type (§80). 

According to the theory first suggested by Yukawa in 1935, a pair of 
nucleons bound together by the nuclear force are attracted to one another 

protons and electrons) carry the unit electric charge 

14*800 x iq- iv ' * m . 
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because they continually exchange their distinguishing characteristic, i.e., 
their charge. The particles do this by transferring a meson Which carries 
the charge back and forth between the bound particles according to the 
scheme: 

n p -> p 4- 4* p p 4~ n 

This shows that a neutron, emits a negative meson which is transferred to 
a proton, with the result that the neutron has become a proton and the 
proton a neutron. Similarly the exchange 

* p + n n + m* 4- n -> n 4 ■ p 

can take place. 

Partial® with a similar charge exchange an uncharged meson, 
in this case are of a different nature from those mentioned above. 


+ m° + n n 2 4- % 

. Pi + P27~> P + wO + p i* P % 4- Pi ■■ ■ . 

The continual exchange of mesons gives rise to an attractive force capable 
of maintaining the stability of the nucleus. 

Yukawa’s theory, which has undergone many changes since 1 
indicated that the nuclear force meson might make its appearance outside 
the nucleus. Yukawa also postulated that the meson should be unstable 
(to account for nuclear decay) and he calculated that the mass of the meson 
should be about 200 tilnes that of the electron. The w-meson of cosmic rays 
has some properties of the nuclear force meson and it is attractive to 
identify the nuclear meson with the 7r~meson. 

Though the meson theory has solved some of the difficulties of the nuclear 
force problem, and is therefore probably correct in outline, it fails to giv# 
complete agreement with experiment, 

55. Use of Radio-Isotopes. — Radioactive isotopes have the same 
chemical properties as the corresponding non-radioactive element; as a 
result of this, radioactivity may be used as a tag which can be used to 
identify and follow the element through a series of reactions. This 
application of radioactivity, known as tracer technique, is jised in 
chemical, biological and industrial studies. The following examples 
will illustrate the method. 

(1) The transformation of N-chloroaeetanilide to p-cbJ oroacetanilide, 
which takes place in the presence of hydrochloric acid, may occur by 
two mechanisms. The first is an intramolecular mechanism in which 
the chlorine of the hydrochloric acid is not involved. Alternatively fye 
mechanism may be ^ * 
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■ ’ • J acid which contained radioactive chlorine was 

found that the p-chloroacetanilide obtained was radio- 
LL-i-i atom from the hydrochloric 
_ • /and showed that the second meehan- 

hich the reaction took place. 

have been used in analytical work to test 
■ • L J'or example, a lead salt containing a 
radioactive lead isotope is precipitated and the 
i the solution is determined after 
This measurement will determine 
s solution. 

; is another example of 
technique. If a phosphate containing a small 
is fed to a plant the regions in 
' i can be deter- 
i be the regions where the radio- 
way nitrogen assimilation can be 

is radioactive carbon is employed . 

fate of substances taken orally can be deter- 
labelled” by radioactivity. 


When hydrochloric 

used it was^f - 

active. This indicated that a chlorine 

acid had substituted in the ring, t 

ism was the one by wL. 

(2) Radioactive isotopes 
for completeness of precipitation, 
known amount of a l— — — 
amount of radioactivity remaining in 
evaporating the solution to dryness. - 
the amount of lead which is not precipitated from the 

(3) The absorption of phosphorus by a plant 
the application of tracer 1 
quantity of radioactive phosphorus _ 
which the greatest phosphorus absorption takes place 
mined photographically, as they will t 
activity is strongest. In a similar wa 
studied. For the study of photosynthesii 
In medicine, the ultimate L~- 
mined, if certain parts of the molecule are 
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56. The Quantum Theory, — To understand the origin of the 
quantum theory it is necessary to consider briefly the nature of radia- 
tion, of which one foim is visible light. Newton regarded light as being 
made up of corpuscles, but this view was incapable of explaining many 
of the properties of light, such as interference, diffraction, and refraction. 
To give a satisfactory explanation of these phenomena, the wave-theory 
of light was formulated by Huygens. This assumed that light was a 
wave-motion, and did not involve the transfer of any material particle 
from one place to another. The colour of the light was dependent upon 
the wavelength. Fig. 37 represents an instantaneous state of a light 
wave; actually the wave is progressing all the time. The distance AB is 
the wavelength. 1 The theory was greatly developed by Clerk Maxwell, 
who propounded the electromagnetic theory of radiation, of which, 
however, no detailed account can be given here. 



Fro. 37. 


~ Although the wave-theory of light explained many facts in a very 
satisfactory way, and appeared to be firmly entrenched at the end of the 
nineteenth century, there were some phenomena for which it could offer 
no explanation, and the most troublesome of these was the problem of 
black-body radiation. In order to understand this, it is necessary to 
know that radiation includes not only visible light, but also many 
radiations that are invisible, including ultra-violet light, X-rays, 
Infra-red light, aild wireless waves. The range of wavelengths occupied 
by visible light is a very small fraction of the total range. All these 
radiations are wave-motions, but the wavelengths are different. The 

best definition of the term wavelength is the distance between two 
'■ . anoeessiv© points of the wave with the same phase. „ . ^ 
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infra-red and wireless waves are of longer wavelength than ordinary 
visible light, whilst X-rays and ultra-violet light have smaller wave- 
Sgths. An idea of the range occupied by visible light is given m the 

following Table (XIII.). 


Table XIII— The Wavelengths of Radiations. 


Radiation. 


Wavelength A. 


Wireless waves . 
Infra-red . 
Visible . 
Ultra-violet 
X-ray and y-rays 


10 11 to 4 X 10 7 
3 X 10 6 to 7,230 
7,230 to 3,970 
3,970 to 500 
10 to 0-03 


* (1 A = lO- 3 cm.) 

The wavelength ranges of the various radiations are not strictly^ 
defined, those given in the Table being approximate only. 

Now, radiation is present in any space of which the temperature is 
greater than the absolute zero ( - 273-2° 0.), and a vessel, elosed.all but 
for a very small hole, will give off radiation through the opening, 
dependent upon the temperature. It was shown by Kirehofif that the 
radiation from such an enclosure is the same as that from a perfectly 

black surface, and it is known as black-body radiation. . 

The analysis of a given radiation into wavelengths is termed its 
spectrum. For a given temperature of emission, black-body radiation 
will have a definite spectrum, and the radiation of any specified usrave- 
length emitted will possess a certain amount of energy. The energy ^ 
distribution throughout the spectrum is not constant, but rises to a 
maximum at a certain wavelength for each temperature. The problem 
of black-body radiation was to reconcile the^energy distribution in the 
spectrum with the wave-theory, but this was found to -be quite 
impossible. 

It was to overcome this difficulty, and others, that Max Planck boldly 
proposed the quantum theory, in a paper published in 1900. He showed 
*W. the experimental observations on black-body radiation could he 
explained by supposing that energy may be emitted or absorbed by a 
vibrating body, not continuously, but only in multiples of a certain unit, 
ealled a quantum. Furthermore, the size of the quantum, of energy was 
proportional t#.tho frequency of the radiation (velocity divided by 

1 ' 1 1 •' i, ' , ‘ i # , T| !' . Hi '/ '• ^ \ . ' , 





wmmmsm 



106 ATOMIC STRUCTURE— PART II 

wavelength), and was therefore equal to hv, where v is the frequency, 
and h a universal constant, known as Planck’s constant, equal to 
6-554 X 10 -27 erg-seconds. 

Let us see exactly what this means. The energy that is emitted in the 
form of radiation cannot he any amount of energy, but must be an 
integral number of quanta. The amount of energy in each quantum will 
be proportional to the frequency of the radiation, and, therefore, inversely 
propqytional to the wavelength. The smaller the wavelength, the greater 
will be the frequency, and the greater the energy associated with each 
quantum. The quantum of X-rays, which have a very small wavelength, 
will therefore be greater than that of visible light. The size of the 
quantum for radiations of different wavelength is given in Table CIV 
(Chapter XIX.). 

_ conception of the quantum of energy has not quite the same 
significance as that of the elementary particle of electricity, the electron. 
The electron always has the same charge, no matter where or how it 
occurs, but the quantum varies in size with the type of radiation with 
which it is associated, being comparatively large for X-rays and the 
ultra-violet, and small for the infra-red and wireless waves. 

Since the quantum theory was proposed, numerous cases of the 
failure of the classical electromagnetic theory of Clerk Maxwell, which 
used the Newtonian mechanics, have been noted. The quantum theory 
has found its most useful application in explaining the phenomena 
connected with atomic structure. 

57. Spectra. Before proceeding further with the problem of atomic 
structure, we must note the various types of spectra that may be 
obtained, as a study of spectra has yielded most important results in the 
elucidation of the nature of matter. 

When a body is heated from the absolute zero, it emits radiation. At 
low temperatures this is not visible. The body, if it were in a perfectly 
black space so that no radiation could get to it from the outside, would 
appear quite black. Nevertheless, it is giving off heat rays,’ which 
appear in the infra-red. As the temperature is raised, the solid begips to 
gEw, and finally becomes incandescent, t'.e., it emits, amongst other 
radiation, viable light. If this light is examined by means of a spectro- 
meter (fer a description of which a text-book of Physics should be 
consulted), the spectrum is found to be continuous, i.e., it is impossible 

say where a colour begins or ends. There is a continuous gradation 
throughout the spectrum, from the violet end to the red. All incan- 
descent soB* show a continuous spectrum. The spectrum of the light 
from an electric lamp, for example, is a continuous one, because the 
light is emitted from an incandescent metal — the filament. 

. When the light emitted from incandescent gases and vapours is 
examined in the same way, it is found that the spertrum is now no 
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longer continuous, but consists of sharply defined lines in different colour 
regions of the spectrum. This is called a line-spectrum, ax $ is charac- 
teristic of atoms* The spectrum may also consist of bands extending 
over a certain range of wavelength, spearated by black bands. This is a 
band-spectrum, and is characteristic of molecules. The bands often 
show a periodic variation in intensity, and thus appear fluted. 

The fact that when gaseous elements are raised to incandescence a 
line-spectrum js produced, has been known since about 1860, and has, of 
course, been applied in spectrum analysis to the characterisation of 
elements and the discovery of new ones. When sodium chloride is 
heated on a platinum wire, a yellow light is emitted, which on examina- 
tion with the spectrometer, is found to possess a very simple structure, 
being made up of two lines very close together, of wavelengths 5889*965 
A, and 5895*9£3 A. These lines are not the spectrum of incandescent 
sodium chloride, but that of sodium vapour. The heat of the flame' 
dissociates the salt into its elements, and each atom emits separately. 
The chlorine is also radiating, but its spectrum is not observed with the 
spectrometer, as it falls outside the visible region, in the ultra-violet. 
That the yellow lines are indeed due to the sodium atom is shown quite 
clearly by the fact that they are obtained when any sodium salt is 
heated as described. 

When the heat of a flame is not sufficient to break down the salt, am 
electric are may be used. Thus, to obtain the spectrum of iron, the 
electric arc is passed between two iron rods, and the spectrum is 
examined. Such a spectrum is caked an arc-spectrum, but is ngt quite 
so simple as that obtained by the previous method, as besides the normal 
iron atoms, there are also iron ions, produced by the arc, which them- 
selves have a characteristic spectrum. An ion is produced from a 
normal atom by the removal of one or more electrons, thus leaving the 
atom positively charged. 

To obtain the spectrum of a substance which is a gas at ordinary 
temperatures, e.g., oxygen, the gas is enclosed in a discharge tube, and 
the electric discharge passed through it. Here, again, the spectrum 
obtained is not the simple line spectrum due to the atoms of oxygen 
alone. The passage,, of «fche discharge produces oxygen ions, which 
radiate their own spectrum, %nd there win also be the band spectrum 
due to oxygen molecules. The lines belonging to any one secies can, 
however, be picked out in the spectrum. 

All the types of spectra so far described are caused by the emission of 
radiation, and are cl%sse4 under the general heading of emission spectra. 
There is, however, another type of spectrum of great importance, 

, known as the absorption spectrum. When white light is passed through 
a cioured solution, or vapour and the spectrum is then studied, it is 


im 
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Tii© light of wavelength corresponding to the black bands has been 
absorbed by the substance through which the light has passed. The 
absorption spectrum is connected with the chemical constitution of the 
substance, and will be dealt with more fully in Chapters IX and XX. 

M. The Quantum Theory and the Structure of the Atom.— Some 
two years after Rutherford had brought forward the nuclear theory of 
the atom, which we have already discussed (§ 29), Niels Bohr (1913) 
showed that this model of the atom was unstable, and cpuld not exist. 
It will be remembered that, in the case of the Thomson model, the 
foreigner of the Rutherford nuclear atom, the electrons were supposed 
to he placed in a sphere of uniform positive electrification, and were at 
rest . Now this model is quite sound from the point of view of mechanics. 
It can be shown experimentally, that if one of the negative charges in 
" this model is displaced from its position of rest, it will return to it again. 
The Rutherford atom, however, consists of a mass having a positive 
charge, with electrons revolving round it in a sort of solar system. 
Rutherford assumed that the same forces which keep the earth in its 
orbit round the sun would serve to keep the electron in its orbit round 
the nucleus. This simple view of the atom m too indefinite when 
examined from the quantitative point of view. The electron is not 
simply a solid body. It has an electrical charge. Clerk Maxwell had 
%■ shown some time previously that when an electric charge is accelerated, 
I'; ‘ "radiation is emitted. Whenever a body moves in an orbit, it is being 
accelerated towards the centre of the orbit. This acceleration is shown 
by the existence of the centrifugal force. The electron, then, is being 
continually accelerated towards the centre of the orbit, and must 
therefore be emitting radiation. Since, according to the theory, the 
motion is uniform, the spectrum should show no discontinuities, and the 
spectrum of an incandescent atom should be continuous. It is actually 
discontinuous. The Rutherford theory, then, fails to explain the 
facts. . v - 7 f 

Bohr propounded a theory which offered an explanation of this 
discrepancy, and is based on Planck’s conception of the quantum. 
There are two fundamental suppositions. They are: — 

11) For each atom there is a series of orbits iji which the electrons 
rotate, but no radiation is emitted. These are called stationary states. 
It must no t be thought that the electrons are stationary; they are not, 
but the effect is as if® they were, for no radiation is given out. A 
stationary state is characterised by the fact that the angular momentum 

of fchedeetr&n is ^integral multiple of—, where Ms Planck’s constant. 

This is an extension of the original conception of Planck in quantising 
the energy of a vibrator. * ' ; ' ■ , ' . ' , ■ • 

f H r* *«£ 

k 1 , , '*• , **• . 
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In order that the student may make himself thoroughly familiar 
with this first assumption, we may use it to calculate the*radii of the 
permitted orbits in the hydrogen atom. In the hydrogen atom, we have 
one electron and one proton. Let the charge on the electron be - e } and 
its velocity, v cm. per sec. If the orbit is supposed circular, and of 
radius r, the centrifugal force, F lt is given by 


This must be equal to the force of attraction between the proton and 
the electron, which is given by Coulomb's inverse square law 


assuming that this Law is still true at atomic distances and that the; 
dielectric constant of the medium is unity. 


Hence 


According to Bohr's assumption, the angular momentum of the electron 


is always some integral multiple of 


Hence 


mvr 


n»&» 

47T 2 m 2 r 2 ’ 


From (2} 


4ir hnr 


Substituting in (1) ; 


n% 2 

47t 2 me 2 ’ 


Since every quantity on the right-hand side of this e^ressifm, with the 
exception of n, is fixed, it follows that the radii of the permitted orbits, 
are proportional to the squares of the natural numbers. By substituting 
the accepted values of h (6*%2 x 10~ 27 erg-seconds), m (9T X 10 ~ 28 
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gM), and e (4-802 x I0~ 10 
the radii of#fcbe orbits: — 


e.s.u.), and making n = 1,2,3, etc., we obtain 


*i = 0*53 X 10~ 8 cm., r % = 2-12 X I0“ 8 cm., etc. 

There are so many assumptions in this calculation that it probably 
has no physical significance, but it is merely given to illustrate the 
meaning gf the first Bohr postulate. 

* (2) KFhe second assumption is that when an electron passes from one 
orbif, of energy E l3 to another of energy E 2 , monochromatic radiation 
(*•*•» radiation of one wavelength only) of frequency v is emitted or 
absorbed, equal in amount to hv. Thus, when an electron rotating in 
one of the stationary states suddenly jumps to another^ of less energy, 
the difference in the energy is given out in the form of monochromatic 
radiation. The reverse process takes place when energy is absorbed. 
The absorption of radiation results in the transfer of an electron from a 
level of low to one of higher energy content. The mathematical expres- 
sion of this assumption Is 


: It must be remembered that these two assumptions are separate and 
^distinct. The first has to deal with the energy of the rotating electron, 
the second with the energy difference between two states. 

The term energy level is frequently used to denote a stationary state, 
and the energy content is defined by a quantum number. The level of 
quantum number 1 has least energy. 

To clarify our ideas on the emission and absorption of energy by an 
atom, consider what happens to say, hydrogen atoms when they are 
submitted to the electric discharge. They first of all absorb energy from 
the discharge, and this mores the electrons from an inner energy level, 
of low energy, to outer ones of higher energy. The electrons then return 
to the form containing lowest energy (for, of all systems, that which 
possesses the least energy is the most stable) by jumps, passing through 
intermediate energy levels, or perhaps by only one jump. Each 
transition is accompanied by a liberation erf energy in the form of 
radiation, and as each emission is monochPomatic, lines in the spectrum 
will rcsulff. This explains the lino spectrum of the atoms. 

59. The Spectrum of Hydrogen. — It is now necessary to study a 
subject which in itself Is purely physical, and which at first sight would 
smn to be of no interest at all to the physicaLchemist. Yet a study of 
the spectrum of hydrogen has yielded results of extraordinary import- 
ance in connection with the struct ure of the atom. 

As far back as 1885, Balmer noticed that the wavelengths of certain 
irnes m the hydrogen spectrum were related to each other in a simple 
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manner, and could be expressed by a general formula. In this connec- 
tion we shall deal not with the wavelength, but with its? reciprocal, 
which is called the wave-numher. It is the number of vibrations per cm., 
and may be denoted by i' u . v 0 is often loosely called a frequency. 

Balmer’s formula, which gives the frequencies of some of the hydrogen 
lines may be expressed in the form 

r 0 = 109678-8 fl_—Y 

\2 2 m 2 / * 

where m can have any integral value greater than 2. As m approaches 
oo, the lines will get closer and closer, and approach a limit known as the 


convergence frequency . This frequency is obviously 


109678-8 

4 



27419*7. The following Table shows how closely the observed and 
calculated wave-numbers agree. 


Ta$le XIV. — Balmer’s Series 


,,= 109678.8 ( 1 - 1 ) 


m. 

j'o calc. 

v Q obs*. 

3 

15233-2 

15233-2 

4 

20564-8 

20564-8 

5 

23032-5 

23032-5 

6 

24373-0 

24373-1 

7 

25181-4 

25181-3 

8 

25706-0 

25706-0 

20 

27145-5 

27145-2 

00 

27419-7 



Other series in the spectrum of hydrogen ^ave since been discovered 
which are governed by exaefly similar formulae. Thus, Lyman found 
that a certain series in the hydrogen spectrum could be expressed by the 
equation 

= 109678-8^1 -i-Y 

• . V 2 m J m . „ 

This series of lines is in the far ultra-violet. A Similar series in the infra- 
red, for which the formula was discovered by Paschen, is governed by 
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Another series was discovered by Brackett, and is governed by 


j/0 = 109678*8 


1, and m = 2, 3, 4, etc, 

2, and m = 3, 4, 5, etc. 

= 3, and m = 4, 5, 6, etc. 
= 4, and m = 5, 6, 7, etc. 


All these series are called after the names of their discoverers, the 
Balmer, Lyman, Pasehen and Brackett series. Actually there is one 
formula which will express them all, viz., 

.* 109678-8 109678-8 

V 

In the Lyman series, n = 

• In th<& Balmer series, n = 

In the Pasehen series, n = 

In the Brackett series, n 

The two sections of the above equation are called terms. Thus 
109878-8/u 2 is one term, whilst 109678'8/m 2 is the other. It has been 
found that all spectra, not only of hydrogen, but of all elements, can b© 
expressed as a difference of two terms similar in form to the above. 

It is evident from this formula, that if we write down the values of 
the first term when n = 1, 2, 3, 4, etc., then, if we subtract the second, 
third, fourth, etc., terms from the first, we get the Lyman series; if we 
subtract the third, fourth, fifth, etc., from the second, we get the 
Balmer series; if we subtract the fourth, fifth, sixth, etc., from the third, 
we get the Pasehen series; and if we subtract the fifth, sixth, seventh, 
etc., from the fourth, we get the Brackett series. This is shown in the 
following Table (XV.). 


Table XV.— Hydrogen Series 


■ - ■■ 

: ! m'. , 

"Team' 

Lymao. 

'Mca«p.: : ■■ .. 

.Fascfaeo. 

Brackett. 

V 


»« 1 

n**2 

n -3 

: . 

H = 4 



«> 2,3,4.., 

tH * 3, 4, 5 • v.f' ■ 

. ntj*. 4, 5, 6 . * ♦ 

m ~ 5, 6,7... 

1 

~ 109678*8 





2 

27419*7 

82259*1 




3 

12186*5 

97492*3 

15233*2 



4 

6854*9 

102823*9 

20564*8 

5331*6 


6 * 

4387*2 

105291*6 

23032*5 - 

°7799*3 j 

2467*7 

6 

~ c 3046^7 1 

106632*1 

24373*0 

9139*8 

3808*2 

7 : 

2238*3 

107440*5 

25181*4 

9948-2 

4616*6 

6 

1713*7 I 

107965*1 

25706*0 

10472*8 

5141-2 

'bo, 

0 

109878*8 

274J*9*7 

12186*5 

6854*9 





. 1 pi ‘ ' , ; 
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The fact that so many spectral lines, which at first sigty> seem to be 
totally uiuelatcd, can be reduced to order in this simple my, is a 
remarkable fact; and when we consider that this has now been done for 
the spectra of almost all elements, though not with the same complete- 
ness as for hydrogen, it is seen what a wealth of information we possess 
in connection with spectra. It is to be expected that such a simple 
relationship between the spectra! lines must have some; relatively 
straightforward explanation. It has, and it will be shown later hpw thjs 
explanation is bound up with the structure of the atom. • 

The mathematical expression for a series of spectral lines of an 
element is not always as simple as that for hydrogen though it is 
usually not much more "complex. According to the Ritz combination 
principle the wave number of any spectra! line may be represented aS* 
the combination of two terms, one of which is constant and the other 
variable throughout a spectral series. The wave number of any 
spectral line may be expressed by 

:■ ' B B . 


x and y are integers for the lines in the hydrogen series, but not 
necessarily so for the spectra of other atoms. 

60* The Theory of the Hydrogen Spectrum —Bohr's assumptions 
as regards the structure of the atom have already been noted (§ 
These may now be studied a little more closely. * 

The first assumption of Bohr was that the angular momentum of the 

electron was always an integral multiple of Assuming that the 


electron travels in a circular orbit, and that its mass is m, its velocity v, 
and the radius of the orbit r, then its angular momentum 
the above assumption can be expressed in the form 


where n is any integer, • ; ■ -T T; yyT- 

If Z is the atomic number of the element, and the 


nucleus is Ze, the potential energy of the electron will be 
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force between the nucleus and the electron Is the inverse square law, 
and that the proportionality factor is unity, then the force between the 

Ze z 

nucleus and the electron will be — , 


The acceleration of the electron towards the oentie of the orbit is v 2 Jr i 
and the force on it is therefore mv 2 jr. 

. tt - mt; 2 Ze 2 


and the kinetic energy 

Ze 2 

lmv 2 = ~. . . . . . (3) 

The total energy of the atom is the sum of the potential and kinetic 
energies, and is therefore 


Dividing into (3) 


The tot§l energy is therefore 

» x 2 2?r 2 £ 2 me 4 



where $ 8 is the work whieh must be done on the system to remove the 
electron to infinity, and is therefore a measure of the stability of the 
system. The larger is E s the more stable will the system be. For large 
valueg, 7i must be as small as possible:; hence the most stable orbit is 
that in which n is unity. 

We can now apply the second postulate of Bohr, viz., that when an 
electron jumps from one orbit to another energy is given out as a 
quantum of radiation. If it jumps from m outer r (%) to an inner (n^ 
orbit, energy is given out in the form of monochromatic radiation of 
which the frequency is given by 


27T 2 Z 2 me A 1 


This amount of energy must be the difference jn the energy associated 
with the orbits an# worked out as above. Hence 

, 2TT 2 Z 2 me*/ 1 1 \ 


¥- a frequency. It is easily seen that to r brmg r this to wave- 

* . * ' 


hi }' 1 i f: 
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numbers, which are given by the equation v 0 — -where c is the 

c # 

velocity of light, we must divide the frequency by the velocity of light, 
c. If i’ 0 now represents wave-number, 


27t i Z 2 me i / 1 _ 1 \ 

ch 3 \w x 2 n 2 2 ) 



This esqtr&sion is identical in form with the Balmer formica, and 

^iTt^Z * : 1 

when the value of the constant — — is worked out, it is found to 

ch 2 


agree with the Rydberg constant. 

Thus, substituting the value for e = 4*802 x 10~ 10 e.s.u., h = 6*624 X 
10~ 27 erg sec., c = 2*9977 X 10 10 cm. per sec., and m = 9*107 X* 
10“ a8 gm., we have, for hydrogen, Z = 1, 


tot'ZhM? X 9*107 X 10~ 28 X (4*802 X 10~i«) 4 

ch? 2*9977 X 10 10 X (6*624 X 10~ 27 ) 3 

• = 109,700, 


which agrees quite well with the Rydberg constant determined experi- 
mentally, 109,678. # © 

It is known that in the Lyman series, % = 1. Referring to the mode 
of derivation of equation (6) it is clear that this means that the lines of 
this series are due to transitions ending at the first orbit, the level of 
least energy. Thus, the Lyman series will be emitted whenr, energy 
having been imparted to the hydrogen atoms by the electric discharge, 
or some other means, they revert from the higher energy levels to which 
they have been raised to the first, or lowest energy level. The»Ralmer 
series has % = 2, so the lines are due to electrons falling back to the 
second energy level. In the Pasehen series % = 3, and in the Brackett 
series n x = 4, so that here the electrons are returning from some outer 
orbit to which they have been removed by the excitation, to th-6 third 
and fourth energy levels, respectively. « * 

This remarkably simple and accurate formulation of the hydrogen 
spectrum points to* thef accuracy of the postulates upon which it is . * 
based, viz., Bohr’s quantum* model. 

It is seen that the term numbers are really measures of energy. They 
represent the energy which would he required to remove an electron 
from the orbit which they represent to infinity (n 2 = oo). The greatest 
term number is that ol$ained when n x = I, and is therefore called the 
“ground” term. The electron can be removed to infinity* £e., the gas 
can be ionised, by several means, but particularly by subjecting the gas 1 

to bcmlmrdment by electroiis. In an ideal case, supposing the loss of no 1 

energy whatever, the energy associated with the bombarding electron. 




110 ATOMIC STRUCTURE — PART II 

which is just capable of knocking the electron from the ground state to 
infinity, mu^t be the energy of that electron which is removed. Hence, 
if we can measure the energy of the electrons which will just ionise the 
gas, we have another measure of the energy of the electron in the atom. 
The energy associated with a bombarding electron is always measured 
by the potential which is used to accelerate it. The energy of the 
electron depends upon its velocity, being given, in fact, by the product 
of the charge and the accelerating potential through which it has passed. 
A$ the charge of the electron is always the same, it is sufficient to specify 
the accelerating potential which is given to the electron when it is 
desired to denote its energy. The ionisation potential of hydrogen is the 
potential through which a bombarding electron has to be accelerated in 
order to remove an electron from the atom to infinity. What this value 
should" be for the ground term of hydrogen is readily obtained as 
follows. Let V be the ionisation potential, v Q the wave-number of the 
ground term, c the velocity of light, h Planck's constant, and e the charge 
on the electron. The energy associated with the term is hv or chv Q . The 
energy is potential X charge , hence the ionisation potential is given by 

energy ^ chv Q 

charge e 

This must be multiplied by 1G~ 8 to bring the absolute units to volts, 
and by c to convert into electromagnetic units. So we have 


w e 8,100 

Tor hydrogen, v 0 = 109,678, and substituting the other figures, we 
have 

T7 _ 109,678 

8,100 ' 

which gives 

F= 13*54 volts. 

The ionisation potential of hydrogen is therefore 13*54 volts, for removal 
of the electron from the^ ground term. Corresponding ionisation 
potentials are known for removal of ions from the other levels. In all 
eases the observed values agree well with those calculated. 

The diagram (Fig. 38) shows the stationary states of the hydrogen 
atom, assumingthat the orbits are circular. Another way of representing 
the facts is by means of the energy diagram given ii^Fig. 39. 

SL Geeefai IJaeory of Spectra, — Hydrogen, the atom of which 
consists of one proton and a single electron, is the simplest instance 
to consider. When the other elements, which contain larger numbers 
of electrons, are dealt with, the difficulties are considerably increased. 
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With hydrogen, it ia only a question of the removal of one electron into 
any desired stationary state, but with other atoms some »i the inner- 
most levels may be permanently filled with electrons. What happens 
in this ease 1 If an electron is expelled from the innermost level altogether. 


"WmcUtit 5«rk* 


Fig. 38. — Stationary States in the Hydrogen Atom assuming circular 
orbits. 

(The radii of the orbits are proportional to 1, 4, 9, 16 . . .} 


its place is immediately occupied by an electron from one of the higher 
levels, and this goes on through successive levels, until the loss is really 
felt only in the outer level. If the electron is only removed to a tovel one 
or two higher in quantum number, then an electron from that level 
immediately falls back into the place previously occupied. 

The amount of energy associated with the innermost levels is so 
great that when an electron is expelled from these levels the frequency 
of the radiation emitted is very great. Thus E = hv, is large, find 
therefore v 9 the frequency of the emitted radiation, is great, and such -a 
transition gives riseJx) X-rays which are similar to ordinary light, but 
have exceedingly small Wavelengths, and correspondingly great 
frequencies. The study of these X-ray spectra of the elements has given 
us a great deal of information about the structure of the atom. Indeed, 
it was by the aid of these spectra that Moseley fixed the atomic numbers 
of the elements (§ 3^. m 

The X-rays obtained from elements are grouped Jh. wdJVSBngths in 
certain groups which have been called the K , L, If, N, etc., groups. 
These groups are known to be due to transitions which end at the 
quantum levels 1,2,3, 4, etc* respectively. It is for this reason that the 
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quantum levels themselves are frequently called the X, L , M , N, etc., 
levels. U V,- ; ; 

Erom a study of the X-ray spectra the number of electrons present in 
each level can be roughly derived. All atoms will give a K radiation, 
only those heavier than sodium give the L radiation, and so on. 
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Fig. 39. — Energy Diagram for Hydrogen. 

The arrows represent transitions from the various orbits. 


62. Elliptical Orbits.— The spectrum of hydrogen has been 
explained by assuming that the electron in hydrogen moves in a 
circular orbit about the nucleus, and that the energy of the electron 
in an orbit is defined by a quantum number n. The energy of the 
electron depends on the distance of the electron from the nucleus and 
hence the quantum number n defines the radius of an orbit. 

The more complicated spectra of the higher elements can only be 
described satisfactorily by assuming that the electrons move in elliptical ' 
dibits, the nucleus of the atom being situated at one of the foci! of 
the orbits. This conception of elliptical oibitgc was introduced by 
Sommerfeld in 1915. The energy of an electron in an elliptical orbit 
depends on two quantum numbers n and l; both are integral. The 
number n in the Sommerfeld theory defines the length of the major 
axes of the elliptical orbit; the second quantum number l defines the 
lengtii ofthe minor axis and hence the ellipticity o£the orbit. Elliptical 
orbits are permitted in any atom, even hydrogen, in addition to circular 
-orbits; ite orbits permitted are subject to the requirements of classical 
mmmxm and the simple quantisation principle as applied by Bohr 
;tq, circular orbits only. 

1 ' , 1 ' ' 1 ; , *> , > 0 ■ '*' t? . 

J.; ' f ;; ' , ,1 ' 1 ’ r* 


■ 
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In the hydrogen atom, because the centre of attraction is simply the 
nucleus of the atom, the energy of an electron depends onlf on the size 
of the major axes of the ellipse and not on the eUlpticity. Therefore, 
the need for the second quantum number l is not evident from the 
ordinary spectroscopic data for the hydrogen atom. However, in an 
atom containing many electrons the energy of an electron in an outer 
orbit does depend on the ellipticity of the orbit because the degree to 
which it penetrates into the shell of inner electrons depends on this. 
Hence the energy of such an electron depends not only on the vafhe of n 
for the orbit in which it is moving but also on the value of l; thus n 
defines a principal energy level within the atom; l defines a sub-energy 
level within the principal level. For any value of n, l can have values 
ranging from I = n to l = ■ 1; l = n corresponds to a circular # orbit^ 
while 1 = 0 would mean that the minor axis is equal to 0 and hence 
the ellipse would Ixave degenerated to a straight line. Therefore, it is 
deduced from the theory of elliptical orbits that for each value of n 
there should be n values for l; that is the integral numbers from l = n 
to Is 1. The spectroscopic observations do in fact show that for each 
value of n there are n values for l; but the n possible values of l found 
are those ranging from J = 0 to Z = ?£ — 1; thus the observations 
indicate an orbit {the one corresponding to l = 0) that does not appear 
possible in the model of the atom developed by the theory. This fact 
represents a fundamental weakness in the theory of elliptical orbits. 
The Sommerfeld theory does, however, represent an advance on the 
Bohr theory in that it explains the existence of sub-energy levels for 
electrons in each of the principle energy levels of the atom. It does not 
explain all the experimental facts because as mentioned it fails to give 
the values of the quantum number l that are deduced experimentally. 
The theory has now been discarded in favour of a new approach, the 
wave mechanical theory. 


4kS 


Fig 40. — Energy Levels* 
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name, i.e., the S, P, D and F spectra, 


Table XVI. — Shabp 


Sharp Series 
v 0 - 28,611 - 

(m + 

- 28,611 - mS 


(m + 0 * 959)2 


mS 

vcalc. ■ 

* v obs. 

Wi 

'mP r 

; v calc. 

43,407 

16,360 

8,516 

5,209 

~Z?5Z2 

2,627 

12,252 

20,096 

23,402 

'26,099 

"26,084 

28,611 

12,302 

20,107 

23,395 

25,082 

26,047 

1 

2 

3 

4 

5 

6 

00 

’ . 7 - ; #&.• 

28,594 

12,533 

7,001 

U,091 

2,266 

14,883 

30,944 

36.476 
39,015 
40,386 
41,211 

43.477 
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'They arc also expressed by formula similar to the Rydberg formula. 
The Table below gives the Sharp and Principal series of litnium. 

It is to be noted that the convergence frequency of the Sharp series 
(obtained by putting to equal to infinity), is almost equal to the first 
term of the Principal sequence, 1 and that similarly the first term of the 
Sharp sequence is almost equal to the convergence frequency of the 
Principal series. There are numerous relationships of this kind which' 
have all received satisfactory explanation on the quantum ihodel of the 
atom. If we cal the successive terms of the Principal sequence YP, 
2 P, 3P, 4P . , . mP, of the Diffuse sequence 1 D, 2D, 3D, 4D, ... 
mD, and similarly for the other sequences, these relationships can be 
summed up in the equations: — 

Sharp Series v 0 = IP - mS 

Principal Series j/ 0 = 1 S - mP 

Diffuse Series r 0 = IP - mD 

Fundamental Series = ID - mF . 

It will be seen that these relationships express what has been already 
discovered with regard to the convergence frequencies of the Sharp and 
Principal series, and they also show that the convergence frequency of 
the Fundamental series is the first term of the Diffuse sequence. 

Many of the lines .in a spectrum can be explained in this way, bit 
there are some which are stiff unaccounted for. These are combination 
lines formed from terms from different sequences. It is not possible for 
lines to exist derived from any combination of terms at choicb. There 
is an important selection principle which forbids certain combinations. 
If the terms are arranged in the order S, P, D, F, then the combination 
lines must always be due to terms taken from two adjacent sequences. 
Lines of the nature 3D - mF could exist, but not fines derived from 
2P~mP. \ 

64. Multiplets in the Spectrum, — If the lines of a spectrum ase very 
carefully examined with a spectroscope which gives high resolution, it 
is found that the lines are not single, but are made up of a number*of* 
hues very close together. Sometimes there are only two. These are 
called doublets. If there anfthree they are called triplets; and in general 
they are called multiplets. ?. 

If the wave-numbers of the first few members of the Sharp series of 
sodium are written down, it is found that they consist of doublets with 
a constant separation between each. 

Similarly, the Principal series of sodium is made ep oftfe^ldfe, but 
here the separation is not constant, but diminishes as we pass towards 
the ultra-violet, both series having the same convergence limit. 

1 The word “series” is used when referring to observed lines, and “sequence” 
when referring^# terms. 



The explanation of this lies in the fact that there are two sets of P 
terms, but only one of S terms, so that if the two P terms are represented 
by P x and P 2 , the Sharp series will be given by 


The separation is thus constant and equal to IP ± - IP. 
For4he Principal series, however, 


Here the difference involves m, and so varies, until, when m is equal to 
infinity, the convergence limit is IS. The same type of relationship 
holds for the Diffuse and Fundamental series, but is is always found that 
there is only one set of S terms, whilst the P, D and F terms may be 
complex, and give rise to multiplets. 

Xn^rd£Tt£> explain the existence of spectral multiplets Uhlenbeck 
and Goudsmit suggested that the electron spins about its axis and that 
the spin energy contributed to the electronic energy. The spin energy, 
Kke the rest of the electronic energy is quantised. The energy depends 
quantum number s t which can have two f and - J. 
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There are^now three quantum numbers to describe the energy of an 
electron in an atom. The spin energy is very small; so if we consider an 
electron map level it can have one of two values of spin energy. A 
transition from the p level to a lower level in the atom will produce two 
lines corresponding to the two different changes in energy. Because 
the initial levels are very close together the lines corresponding to the 
transition^ are also very close and they appear as one line except when 
observed under high resolution. 

65. r Magnetic Quantum Numbers. — It has been observed that if a 
spectral source is placed in a strong magnetic field and the spectrum is 
observed at right angles to the field, the spectral lines, which are single 
in the absence of the magnetic field, will split into a number of lines. In 
"order to explain this effect it is necessary to introduce a fourth quantum 
number, m, to allow for the energy level states an electron may take up 
in a magnetic field. This fourth quantum number may have integral 
values from l to 0 to - l for any l value. In other words there are 
21 + 1 values of m for each l value; that is there are 21 + 1 energy 
states each corresponding to a different value of m. The number of m 
values gives the number of ways in which an electron can orient itself 
in a magnetic field. 

We can see, therefore, that to account for atomic spectra it is 
necessary to assume that each energy state of an electron is defined by 
four quantum numbers: 
n, which is an integer; 

l, which for any value of n can have integral values from 0 to n -* 1 ; 

m, which for any value of l can have integral values - 1 to + 1; 
and finally $, winch can have one of two values ± 

The spin of the electron was postulated to explain the existence of 
multiplets, or the fine structure of spectral lines. Using spectroscopes 
of very high resolving power, it is possible to show that spectral lines 
are made up of a number of very closely spaced lines. This is referred 
to as the hyperfine structure. To explain hyperfine structure it is 
necessary to introduce the conception of the nucleus spinning. The 
nuclear spin energy has a quantum number i s^sociated with it. This 
matter, however, is beyond the scope of this book. 

86. TEe Periodic Table. — The structure of the periodic table may 
be understood by considering how the electrons fill into the energy 
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3, 4, 5, 6 and 7. The K shell is nearest the nucleus, the others following 
in order of increasing n. 

The lowest energy state is the n = 1 state. Here 1 = 0, m = 0 and 
$ can be - § or + According to the Pauli exclusion principle there 
can only be two electrons in this shell. Hydrogen with one electron, 
and helium with two electrons complete this, the Is level. When two 
electrons of opposite spin occupy the same energy level as in helium 
the electrons are said to be paired. Helium has a Is 2 configuration, that 
is it has two electrons in the Is level. = 

The n = I shell being filled, the electrons now start to occupy the 
n = 2 shell which is the shell of next lowest energy. For n = 2, l = 0 
or I = 1. For l = 0, m = 0 and therefore only two electrons can be 
accommodated in the 2s level. Lithium has one and beryllium has two 
electrons in the 2s level. The configuration of beryllium is l# 2 2«s 2 . When 
n = 2,1 = 1, m can equal 1, 0, or - 1, so there are three equivalent 
2p energy states corresponding to the three m values. These three states 
can accommodate six electrons. Boron has two electrons in the la, and 
two in the 2s shell so its fifth electron will enter the 2p level, say the 
m = 0 state, giving boron a 1 s 2 2s 2 2p configuration. Carbon has two 
electrons in the 2p level. The second electron can enter either the 2p 
state which already contains an electron or it can enter one of the 
unoccupied 2p states. According to Hand’s principle of maximum 
multiplicity, electrons remain unpaired as long as possible, so the 
second electron will enter a new 2p state. When nitrogen is reached 
the three 2p states each contain an electron; so with oxygen the fourth 
2p electron must enter an occupied state and pair with an electron of 
opposite spin. The 2p level is completed by neon. 

In the next period of eight elements from sodium to argon the 
electrons fill up the M shell entering the 3 s and 3 p levels in the usual 
manner. The next electron would now be expected to enter into the 
3d level. However, the energy of the 4 s level is lower than that of the 
3d level so the electrons fill up the 4s level before the 3d. This gives rise 
to the first transition series from scandium to zinc. In this serieg the. 
outer electronic configuration is 4s 2 , and the electrons fill an inner shell, 
the 3d shell. Thes^elements, called transition elements 1 resemble each, 
other chemically and are said to show horizontal similarity. 

The remainder of the periodic table is constructed by" fi lli n g the 
higher levels. There is a second series of transition elements from 
yttrium to cadmium. In this series the 4 d level does not fill until the 

1 The term transitional element was formerly applied to elements in Group "Pill 
jof the table, e.g., Fe.f Co.^and Ni. The term here is applied to in ; 

which filling is taking place in a d level which is inside a completed a level. It 
should be noted also that the elements of Group VIII of the older type of table 
have now been divided between Groups VIII, IX and X. Groups IX and X contain 
only transitional and no norma* elements. Group O of the older type of table is 
now called Group VHI (normal) . For a more extensive account of the present 
classification Wheeler, Chemistry and Industry, 1947, 4 ). 639. y 
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5s shell has bpen completed. The third transition series is lanthanum, 

hafiiium and thence to mercury. 

The rare earth series the lanthanides, resembles the transition 
elements as filling of an inner shell by electrons also occurs. This series 
extends from cerium to lutecium and involves the filling of the 4/ level 
which is inside an outer shell of Because the filling is deep 

in the atom, the lanthanides are very similar in properties and are very 
difficult, to separate. It is believed that the elements thorium to cali- 
fornium may form a second rare earth series, the actinides. In this 
series filling of the 5/ level takes place inside the configuration 

The actual filling up of the levels is shown in Table XIX and a 
periodic table based on these ideas is shown in Chapter I. 

67. The Dual Nature of Matter and Waves.— Although Bohr’s 
theory is able to explain in a very satisfactory manner the periodicity 
running through the properties of the elements, the presence of transi- 
tion groups in the Periodic System, and many other points connected 
with the nature of the atom, it fails to answer completely more com- 
plicated questions which arise. 

For example, Bohr’s quantum theory of the atom gives no explana- 
„ tion of the intensities of spectral lines unless further assumptions are 
' made. Nor can it explain the more complicated spectra. Even the 
spectrum of helium, next in difficulty to that of hydrogen, cannot be 
adequately dealt with by the Bohr theory. Moreover, the arbitrary 
postulates on which it is based, running, as they do, completely 
counter to classical conceptions, are difficult to accept without 

explanation. . 

The system of wave-mechanics provides an explanation of the Bohr 
postulates, and at the same time extends the theory so that^ the 
more complicated problems of atomic structure can be effectively 

attacked. _ _ . 

Bohr’s theory looks upon the electron as a material particle, but in 
.1924 de Broglie put forward the new idea that all moving material 
^particles of whatever nature have wave-properties associated with them. 
- . These particles will, of course, include electrons* The fact that electrons 
can possess the properties Tooth of particles and waves was suggested 
by the similar state of affairs existing with light. As is well known, 
Newton’s view of the nature of light was that it was corpuscular. 1 
His theory accounted satisfactorily for the laws of reflection and some 
othe r prop erties of light. In the nineteenth century^ however, Young’s 

* in1§>rference and diffraction of light led to the view that 
light possessed the properties of waves, a theory put forward as early as 

i Newton doea, however, appeal to have introduced a periodicity into his 
theory to explain, for example, Newton’s rings. To this extent he may be said to 

* have anticipated the particle-wave-motion theory. ^ ' 


H 
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1690 by Huygens, but discarded owing to the greater prestige of 
Newton* Young’s work caused the complete destruction, for the time 
being, of the corpuscular theory, and it was shown that the wave 
theory could not only explain the newly discovered phenomena of inter- 
ference, but also the laws of reflection and refraction in a manner just 
as satisfactory as the corpuscular theory. Early in the present century, 
however, new phenomena were discovered which the wave theory by 
itself could not explain. The photo-electric-effect for example demanded 
that light should be regarded as made up of photons, which possessed 
the properties of both corpuscles and waves. Photons were looked 
upon as “wave packets” or pulses, and were associated with energy 
proportional to the frequency of the wave — quanta, in fact, given by 
Planck’s equation ■ - 


The application of a similar conception to moving material particles 
is the basis of wave-mechanics. Be Broglie supposed that the wave- 
length, A, associated with a moving particle is given by 


where h is Planck’s constant, m is the mass, and v the velocity of the 
moving particle. 

If this is the case, it should be possible to calculate the wavelength 
associated with the electron when it is moving with a given velocity. 
When this calculation is carried out the wavelength associated with an 
electron which has acquired energy by falling through a potential 


difference of 100 volts is found to be 1-22 A, which is of the order of the 
wavelength of soft X-rays. 

If electrons are, in fact, associated with waves it would be expected 
that they would show the phenomena of interference and diffraction in 
the same way as light. This suggestion, which was made by Elsasser 
in 1925, was verified by Davisson and Genner, who showed experi- 
mentally that there was selective reflection of electrons at the surface 
of a nickel crystal. The results were very similar to those obtained with 
X-rays, and when the effective wavelengths of the electrons were 
calculated by the usual diffraction formula the values obtained agreed 
with those given by the de Broglie equation within the limits of experi- 
mental error. These experiments, and those of G. P. Thomson, ax*© 
referred to again in §.139 x 

Perhaps the most outstanding experimental evidei&e thSHT^e^ons 
are associated with waves is provided by the fact that it is possible to 
construct an electron microscope. It is well known that the resolving 
power of an optical microscope is limited by the wavelength of the light 
used, the size 8§the object which can be successfully seen varying with 
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the wavelength . The lowest wavelength that can be used with an optical 
microscope is in the neighbourhood of 3000 A* Since electrons can be 
deflected by electric and magnetic fields it is possible to construct 
magnetic and electrostatic focusing systems and hence to use a beam of 
electrons in the same way as a beam of light. Of course, the electrons 
cannot be “seen” in the same way as light, but they can be photo- 
graphed, like X-rays. The smallest object that can be “seen” with an 
optical microscope has a diameter of about 2 X 10~~ 4 bin., but since 
electrons have a very much smaller effective wavelength, the electron 
microscope can be used to “see” objects of diameter as small as 10~ 6 cm.,, 
which is almost of molecular dimensions. With the aid of this instru- 
ment it has been possible to photograph macro-molecules, such as 
protein molecules. The disadvantage of the electron microscope lies in 
the fact that the beam of electrons may destroy, or damage the object 
being “viewed”, particularly biological material. 

It has thus been established experimentally that electrons have the 
properties of waves. At the same time they have the properties of 
particles, since they have mass and momentum, which can only be 
thought of as the attributes of corpuscles. 

Hot only is this true of the electron, but it also holds for atoms and 
molecules. Stem showed in 1932 that atomic and molecular beams 
i were diffracted at crystal surfaces in the same way as electrons, so that 
we are forced to the conclusion that all matter has a wave aspect as well 
as a particle aspect. Thus both matter and electro-magnetic waves have 
a duabnature. Matter has a wave aspect, and waves have a particle 
aspect. The two are complementary. It can be shown that if an experi- 
ment is devised to test the wave-properties of matter, then the matter 
behaves entirely as waves. Conversely if an experiment is devised, say, 
to measure the momentum of a particle, then the material side of matter 
only will be in evidence. If we consider wavelength A, as the property of 
waves we are thinking of, and momentum as the property of particles, 
the two are connected by the de Broglie equation 


since the momentum. Thus the connecting factor is h, Planck’s 
constant. 

The de Broglie equation can also he used to connect frequency v 


since the wavelength, A =&. We thus have 
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We see again that the factor connecting frequency (a wav§ property) 
with kinetic energy {a particle property) is Planck’s constant, h. 

68. Heisenterg Uncertainty Principle. — In an electron diffraction 
experiment a beam of electrons of uniform energy is allowed to impinge 
upon a crystal which acts as a diffraction grating. The diffracted beam 
then falls on a photographic plate. The pattern shown on the plate is 
an ordinary diffraction pattern; it consists of concentric light #nd dark 
rings. These correspond to places on the plate where many or few, 
electrons have fallen. Prom the spacing between the light rings a wave- 
length corresponding to the electron beam can be calculated. The 
do Broglie relation then gives the momentum of the electrons. If a 
single electron could be passed through the grating the position on the 
plate to which it would go could not be predicted, but the positions 
where many electrons strike and also those to which few electrons go 
can be foretold. It is this tendency for electrons to strike some positions 
and not others which produces the diffraction pattern. In other words 
certain target positions are more likely; so that while the energy and the 
momentum of the electron beam are known, the points where the 
electrons strike the plate become matters of relative probability. There 
is no certainty that a particular electron will be found in a particular 
position on the plate but the intensity of the electrons at that point 
gives a measure of the probability of finding the electron at that spot. * 
Heisenberg generalised considerations of this nature into a principle 
now called the Heisenberg Uncertainty Principle. This is one of the 
fundamental postulates of modern quantum physics. The Principle 
states that it is impossible to determine simultaneously the momentum 
(or energy, or velocity) and the position of a particle. Further, if Ax 
is the uncertainty in position, and A p is the uncertainty in momentum, 
then AxAp is approximately equal to Planck’s constant, k. This 
means that the more accurately one quantity is determined the less 
accurately can the other be measured. The uncertainty arises from the 
fact that in carrying out a measurement the particle under observation 
interacts with the particles (e.g., photons) used in the measurement. 
The result of the principle is that the classical system of mechanics 
(which demands the siSiultaneous determination of position and 
momentum) cannot be applied to atomic particles. With macroscopic 
systems the Heisenberg uncertainty is negligible compared with experi- 
mental error, so the methods of classical mechanics can be applied to 
such systems with no appreciable error. 

69. Wave Mechaflics.-^—In order to consider the beJ^viovf*-^ 
particles two new systems of mechanics, the Heisenberg matrix 
mechanics, and the Schroedinger wave mechanics have been devised. 
Though the two systems differ in form they are identical in content. 
The wave mechanical approach will be considered here. 
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The fundamental postulate of wave mechanics is that an equation of 
the type 

Sa; 2 1 By 2 * Bz 2 A 2 ^ 

may be applied to all particles — electrons, photons, and atoms. If the 
de Broglie relationship is added as a further postulate the right-hand 
side of the equation becomes -47r 2 p 2 4- The kinetic energy of a 

{E - F), where E is the total energy and F is the 


particle is 


T_ 

2m 


potential energy. So, substituting 2m (E - V ) for p 2 and transferring 
the right-hand side to the other side of the equation we have 

87r 2 m (E - F)4 


= 0 


which is the wave equation of a single particle. This equation is usually 
called the Schroedinger equation. In considering a particular problem 
the values for m and F are substituted in the equation which is then 
solved for 4 and E. 4 I s called the wave function. It has the physical 
significance that the value of 4 2 for a particular particle at any point 
r in space is proportional to the probability of finding the particle at that 
point. To find the actual probability 4 2 must be multiplied by a 

constant N which is such that N 2 Jfy 2 dty taken over the whole of the 

space is equal to L This process is known as normalising the wave 
function. 

In order that 4 can have a physical significance it is necessary to 
add aTurther postulate, viz., that the only significant solutions of the 
wave equation (known as eigenfunctions) are those which are single- 
valued, finite, and continuous over all space. This postulate is most 
important for it leads to the conclusion that there are only certain 
values of E (eigen-values) for which there exists a physically significant 
value of the energy. The concept of quantisation of energy, that is the 
restriction of the energy to a number of discrete values, arises from the 
solution of the wave equation. The concept is" not introduced as a 
postulate as is done in the Bohr theory. The eigenfunction for an 
electron is called an atomic orbital by analogy with the classical 
electron orbits. 

Wave mechanics may be applied to the problem of the hydrogen 
the^interest is in the behaviour*of sen electron outside a 

nucleus. Assuming the nucleus to be stationary, m is the mass of the 
£>2 

electron, and F is - The Schroedinger equation can be solved fully 
and it is found that the value of 4* depends on three integral constants, 
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that is, an s state, the probability of finding %n electron in any position 
depends only on the distance from the nucleus; the shape of the 
boundary surface is therefore a sphere. The boundary surfaces corre- 
sponding to a p state, l = 1, form three pairs of spheres of equal radius. 
The spheres comprising a pair touch at the nucleus, and the three lines 
obtained by joining the centres of each pair are at right mig^. f^-41). 
This means that p electrons, for example the thre3 2p electrons of 
nitrogen, are confined so that each one is near one set of three 
rectangular axes. The bonds farmed by such electrons mil be directional 
in character. JJie tfcqpee p electrons can be differentiated by the use of 
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», I, and m. The solution also shows that these numbers are related so 
that l is not greater than n - 1, and m has values from - l to + L The 
three quantum numbers and the relationships between them which 
arise from the solution of the wave equation are the same as those® 
which are deduced from a study of spectra. (The spin of the electron 
does not come into the wave mechanical treatment; it must now be 
added.) The energy of the hydrogen atom deduced from the -wave 

equation is — where n is 1, 2, 3, . . . etc. This value of the energy is* 
n 2 h 2 

the same as was obtained in the Bohr treatment; for the hydrogen 
atom the energies arrived at by both methods agree with experiment, 
but for more complicated atoms the wave mechanical treatment is 
superior. In these complex problems the exact solution of the-* wave „ 
equation becomes impossible, but approximate methods of solution 
are available. 

70* Shapes of Atomic Orbitals.— -Surfaces in space, within which, 
as it were, an electron will spend most of its time, can be drawn for the 
various states of the electron, The shape of a surface given by an 
atomic orbital depends mainly on the l quantum number. For l —0, 
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the terms p* 5 p yi and p z . The d surfaces, that is those for 1 — 2 are like 
the f orbitals in possessing directional properties. Some of the d 
orbitals are shown in Fig. 42. The importance of the directional pro- 
perties of p and d orbitals will be seen in the discussion on the shapes of 
molecules in connection with the quantum theory of valency. 


Fig. 42 . — d Orbitals, 


71. *Ortho- and Para-Hydrogen. — The prediction that there should 
be two forms of hydrogen, which was made on the basis of wave- 
mechanics, is interesting, as it has been verified experimentally. 

The nucleus of the atom is spinning, and when two hydrogen atoms 
come together to form a molecule, they may unite in such a way that 
th£ nuclear spins aid each other (symmetrical) or oppose each other 
(anti-symmetrical). In the first instance, ortho-hydrogen is produced, 
and in the latter, para-hydrogen. Thew ordinaly gas consists of a 
mixture the two forms in the proportion of about three parts of ortho - 
to on© part of para-hydrogen, at ordinary temperatures. The propor- 
tions of the two forms present vary with the temperature. Since the 
form with no resultant spin, i.e., the para-form, will have less energy 
than, fee t|te gas should consist mainly <of this form at very low 
temperature. This was tested by Bonhoeffer, who was able to prepare 
99*7 per cent, pure para-hydrogen by cooling. In consequence of the 
difference in energy content, the two forms will possess different specific 
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CHAPTER IV 
VALENCY 

72. Development of the Theory o! Valency —Such radical changes 
have taken place in our views of the meaning of valency that it is 
advantageous to trace the development of the conception. 

Like many other theories, the theory of valency arose from the 
application of the atomic theory to chemical reactions. The burning 
question at the beginning of the nineteenth century was the way m 
which atoms combined with each other. From a study of electro- 
lysis, Davy, in 1807, came to the conclusion that opposite parts of the 
atom (defined according to the view of Dalton, which included atoms of 
both elements and compounds) possessed opposite electrical charges, 
produced by induction. His view does not seem to have been generally 
accepted, or to have been given serious thought. In 1812, Berzelius put 
forward an hypothesis which was considerably more comprehensive. 
He started with the assumption that each atom possessed a charac- 
■ teristic electrical polarity, which was concentrated in at least two poles, 
of different intensity and different sign. Only the resultant electric 
force mattered as regards external properties, so that although an atom 
might ‘possess numerous different charges, it appeared to be unipolar. 
Compounds were formed by complete, or partial neutralisation of the 
opposite charges of other atoms. Thus, according to this view, all 
compounds were made up of two parts, electrically opposite in character, 
and the theory was therefore called the dualistic theory. 

Thus the iron atom was supposed to have a positive charge, and the 
oxygen atom a negative one, and combination occurred by the partial 
neutralisation of these charges, 

+ - + 

. Fe + 0 = FeO. 

Similarly sulphur had a ‘positive charge* which ‘was fairly large, and 
could take up three atoms of oxygen. 

S + 30 = S0 3 . 

The JeO and the S0 3 thus produced were en^owqd with small residual 
charges, and could therefore partly neutralise each other and form 
another compound. 

FeO + SO* = (FeO, S5 3 ) = FeS0 4 . 

132 . • - 



DUALXSTIO THEORY , 133 


Th© FeS0 4 was still not quite neutral, for it could take up seven 
molecules of water to make the crystalline salt, EeSO*, 7H 2 0f 

Some of the assumptions of this theory were soon threatened, 
Berzelius had taken oxygen as the most negative element, but the 
. discovery of the properties of chlorine made this questionable. Again, 
the rising “organic chemistry” did not prove a suitable ground for 
dualism. At first, work in this branch of chemistry received ample 
explanation at the hands of dualism. Organic compounds were classed 
together as simple compounds in which groups of atoms, called com- 
pound radicals, played the part of elements, an assumption that was 
put on a firm footing by the work of Gay-Lussac on cyanogen. The 
radical was the electropositive part of the molecule, which could take 
up oxygen as the opposite pole. This, of course, naturally excluded the 
presence of oxygen in compound radicals, and Berzelius had to capitu- 
late on this point when Liebig and Wohler discovered the benzoyl 
radical (C 6 H 5 00). 

In 1839, Bunsen discovered the radical cacodyl, 0 4 H 12 As 2 . Research 
on this radical showed in a much clearer way than hitherto, how the 
atoms were combined in it. To this work Berzelius took such a 
sided attitude that he not only lost many of his adherents, but had to 
face sever© attack from many quarters. 

The discovery of substitution in organic compounds by Dumas was 
the final point. Dumas showed that the hydrogen in many compounds 
could b© replaced by chlorine, without producing any very great change 
in the properties of the compound. This is well illustrated by the case 
of acetic acid. When one hydrogen atom of the methyl group is rejflaced 
by one of chlorine, monochloracetic acid, CH 2 Cl.COOH, is formed. 
This substance resembles acetic acid quit© closely, and yet the positive 
hydrogen has been replaced by the very negative chlorine. Eact& lik© 
this were quite incompatible with dualism, and proved the downfall 
of the theory. 

It may be mentioned in passing that in many respects our modem 
view of chemical combination resembles the dualistic theory, as will 
be seen later. 

To take the place of the dualistic theory, Dumas proposed a 
of types. This held thart tife chemical nature of a compound 
primarily on the arrangement and number of its constituent atopxs, 
that the chemical nature of the atoms was of lesser importance, 
theory had advantages, and was improved by Gerhardt in 1856. 
were four types on which organic compounds could be 
These were; — 


134 


VALENCY 


Organic compounds were all made by substituting elements or radicals 
for the hy drogen. Thus, acetamide was of the ammonia type, and was 
obtained from it by substitution of the acetyl group, CgHgO, for one 
atom of hydrogen. Methyl alcohol was of the water type, since methyl 
alcohol could theoretically be obtained from water by substitution of a 
methyl radical for an atom of hydrogen. From these four types, 
Gerhardt was able, in a most ingenious way, to explain the nature of 
nearly all the known organic compounds. These views were generally 
- accepted, and the number of types was extended by Williamson and 
KeSiule. Will ia mson introduced mixed types, which were derived from 
two or more of the four types previously mentioned. Thus, benzene- 
sulphonie acid belonged to the mixed type 


0 


Kekule introduced the new type — 

H 
H 
H 
H 

which represented methane. 

In spite of the existence of these types there was frequently some 
uncertainty about the type to which a compound belonged, and the 
accumulation of a large number of types in a complex substance caused 
confusion. To give an example of the complexity of the explanation, 
the formula of the radical of phthalic acid may be quoted. This was 
given as 



Hi 


c 6 h 5 


HI 




Hi 

0 

so 2 


Hi 

H 


o}c 


c 


c 


H 

H 

H 

0 

H 

0 


Befe^e tjrn Gerhardt theory of types had reached *he apex of its develop- 
ment, a new point of view was slowly forming. FranHand, in 1852, 
having studied some organo-metallic compounds, came to the conclusion 
that the regularities noticed in the composition of organic and inorganic 
compounds were due to the fundamental properties of the atoms 
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contained in them* The regularities were due to a saturation* capacity, 
which was characteristic of the element, and which could grow within 
certain limits. The saturation capacity of an element was the number 
, of atoms of another element or radical which could combine with one 
atom of the original element, to form a compound- For the elements of 
the nitrogen group, for example, it was three or five. In Frankland’s 
own words: “When the formulae of inorganic chemical compounds are 
considered, evefi the superficial observer is struck with the general 
symmetry of their constitution; the compounds of nitrogen, phosphorus, 
antimony, and arsenic especially exhibit the tendency of these elements 
to form compounds containing three or five equivalents of other elements, 
and it is in these proportions that their affinities are best satisfied; thus, 
in the temal group, we have N0 3 , NH 3 , NI 3 , NS 3 , P0 3 , PH 3 , PC1 S , 
Sb0 3 , SbH 3 , SbCl 3 , AsO s , AsH 3 , AsCl 3 , etc., and in the five atom group, 
N0 5 , NH 4 0, NH 4 I, P0 5 , PH 4 I, etc. Without offering any hypothesis 
regarding the cause of this symmetrical grouping of atoms, it is suffi- 
ciently evident, from the examples just given, that such a tendency or 
law prevails, and that, no matter what the character of the uniting 
atoms may be, the combining power of the attracting element, if I may 
be allowed the term, is always satisfied by the same number of these 
atoms.” In this way the fundamental basis of the theory of valency was 
laid. 

The two organic chemists Kolbe and Kekule took up the idea, and 
the latter arrived at the conception of the quadrivaleney of carbon. 
Numerous difficulties, however, soon arose. The first question was 
whether valency was to be regarded as constant, or whether, under 
certain circumstances, it could vary. Frankland, as has already been 
stated, believed that it could vary within certain limits, and h% was 
supported in this view by Kolbe. Kekule, however, defined valency as 
a fundamental, and strictly invariable property of the atom. However, 
the fact that valency, or saturation capacity did change, was evident 
from the existence of such substances as phosphorus trichloride and 
pentachloride. Both of these are definite compounds, and yet one con- 
tains more chlorine than the other. To explain this, Kekule introduced * 
the system of molecular and atomistic compounds. In atomistic com- 
pounds, the elements had then? full saturation capacity satisfied. Thus, 
common salt would be an atomistic compound, because one atom of 
sodium has combined with one atom of chlorine to make a molecule of 
sodium chloride, and the valency of the sodium is satisfied. Molecular 
compounds were made by the combination of two atomistic compounds, 
in virtue of the forces of affinity. The molecular c^mpoffids'Vere 
supposed to be less stable than the atomistic compounds. Phosphorus 
trichloride was supposed to be an atomistic compound. The saturation 
capacity of the phosphorus &ad been satisfied by three atoms of 
cMorine. We Atould say the valency of phosphorus is three. Phos- 
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phorus ti^chloride, however, can combine with a molecule of chlorine to 
form phosphorus pentaehloride, which, according to Kekule, was a 
molecular compound. The valency of phosphorus must still be regarded 
as three. Phosphorus pentaehloride could he written [PCl 3 jCl 2 , to. 
emphasis© this. Moreover, phosphorus pentaehloride, on heating, 
dissociates into phosphorus trichloride and chlorine, and thus it gives 
all the appearances of being a molecular compound, being less stable 
^ than the trichloride, which is atomistic. 

however, certain substances, which, according to Kekule, should be 
regarded as molecular compounds, were markedly stable. . Particularly 
was this so with phosphorus pentafiuoride. The existence of t his stable 
compound convinced many that valency was variable, and militated 
against Kekule’s theory. Erlenmeyer supposed that each atom had a 
higher valency limit which need not always be satisfied. In deter mini ng 
valency, the fully saturated compounds only should be considered. 

The generally accepted view of valency at this time may be summed 
up as follows: Every element possesses the power to combine with other 
elements, but the extent to which this combination can go on is limited. 
Every element has a saturation capacity. In order to give a definition of 
saturation capacity, or valency, it may he said that valency is the 
number of atoms of hydrogen with whi6h one atom of the element will 
combine. Thus, the valency of oxygen is two, because two atoms of 
hydrogen, combine with one atom of oxygen to form water. The 
valency of nitrogen is three, because one atom of nitrogen will combine 
with three atoms of hydrogen to form ammonia, NH 3 . Looked at from 
t is point of view, it was natural to assume that atoms possessed 
valency “bonds”, which might be pictured as solid rods extending from 
the atom. Each “bond” was able to attach itself to one hydrogen atom, 
which possessed one “bond”. Combination, therefore, meant the fusion 
of these “bonds”. 


H — O— II 

Water. 

Oxygen has 
two “bonds’* : 
■: it is. bivalent. 


H — C — H 


H-N-H 

: '.'Ammonia.''"'. 

Nitrogen has 
; three ' 

“bonds”; it is ; 
tervalent. 


H 

Methane. 
Carbon has 
four “bonds”; 
it is quadri- 
valent. 


The conception of valency “bonds” made it easier to elucidate 
chemical combination between element when one of them was not 
hydrogen. Many metels would not combine with hydrogen, and so their 




m 


mm 


Hill IIS || ; 


* 



In both cases the quacMvalency of carbon is maintained. Substances 
containing these double and triple bonds are said to be “umaturated”. 
They possess much greater chemical activity than substances containing 
single bonds only (“^tinMed” substances), and readily enter into 
“addition” reactions, whereby they become saturated. In these 
©actions, elements or groups are added to the unsaturated molecule 
without the elimination of any ^tom. Bromine, for instance, adds on to 
ethylene, giving *thylen© dibromide. 
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valencies could not be determined directly according to the a^ove plan. 
They would, however, combine with chlorine, which was known to be a 
univalent element, because one atom of chlorine combined with one 
atom of hydrogen to give one molecule of hydrogen chloride. The 
valency of the metals could thus be determined through the chloride. 


H — Cl 

Hydrogen chloride. 
The chlorine is univalent. 


CI — Ca — Cl 

Calcium chloride. 

The calcium is bivalent because 
it takes tip two univalent chlorine atoms. 


Such a view of valency “bonds” would naturally tend to give the 
idea that valency was a directed force, manifested at certain points in 
the atom. Erlenmeyer held that this was so, and this view led to the 
hypothesis put forward by van’t Hoff, and almost simultaneously by 
Le Bel, of space -directed valency forces giving rise in the case of carbon 
to a tetrahedral model, which, in actual fact, had been suggested by 
Wollaston some ten years before. The theory of stereochemistry has 
been of outstanding inportance in organic chemistry in explaining the 
existence of isomers and the phenomenon of optical activity. 

Whilst in inorganic chemistry the assumption of variable valency was 
a necessity, in organic chemistry this was not so, and for a long time the 
only exception to the quadrivalent carbon atom was found in carbon 
monoxide, CO. To make carbon always quadrivalent, the theory of 
double and triple bonds, or unsaturation was suggested. Thus, in 
ethylene, C 2 H 4 , it was supposed that the two carbon atoms were linked 
by two bonds, instead of one, . V ; 


H — C — H 

II 

H— C— H 


The bond between the two carbon atoms was called a “double” bond. 
In acetylene, 0 2 H 2 , it was necessary to suppose that the two carbon 
atoms were joined by a “triple” bond. 


H-'CsC- H * 
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. Ethylene. Ethylene dibromide. 

The explanation of the additive powers of unsaturated bodies was 
given in a satisfactory way by Thiele, who supposed that in the forma- 
tion of the double bond the affinity force is not completely satisfied, 
so that part of the valency is left. To this fraction Thiele gave the name 
“partial valency” These partial valencies were capable of adding on 
the usual addition elements or groups. 

This theory explained in a remarkably neat way the mode of addition 
of elements to a conjugated system of double bonds, i.e., an alternation 
of double and single bonds, as found in muconic acid, for example. 


COOH - CH = CH - CH = CH - COOK 


The partial valencies of the /?- and y-CH groups were supposed to satisfy 
each other, thus: — 


COOH -CH=CH~CH = £H~CQOB 


This explains the fact that addition to muconic acid always results in 
the formation of an a- 8-compound. The theory also explains the 
relative inactivity of benzene, although this substance contains three 
double bonds. These double bonds form a conjugated system, and so in 
the end the molecule behaves as if it were saturated. 


It also explains the aliphatic nature of the partly hydrogenated ring! 
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Table XX.— Valency and the Peeiodxc Table. 


A consideration of valency in the light of the Periodic Table showed, 
that in tho compounds of elements with oxygen, assuming the valency 
of oxygen to he 2, the valency ascended regularly from Group I to VH. 

Thus, taking the elements in the first short series in order, Table 
XX. shows the compounds formed with hydrogen, and with oxygen. 


FH 

; % W- 

f 2 g* 

(Mn 2 0 7 ) 


o. i. ii. nx. iv. v. vi. vn. 

He Li Be BONO F 

Formulae of 
Hydrogen , , • 

Compounds. ( 

Formulae of 
Oxygen ' 

Compounds. J 
Anomal ous. ; 

** Be does not form a hydride, but combines with two atoms of a univalent 

1 rttdteal such as {CH 3 ). 

M I " 1 ■ A;. ■■■ ■■ T-V' 

There were, however, numerous exceptions when other compoiyids 
than those with oxygen were considered. Blomstrand pointed out that 
it was better to take hydrogen compounds. From this point of view, it 
follows that the valency of an element depends on the nature of the 
element with which* it is compounded. Blomstrand thought this 
difference to be due to the electrochemical nature of tho combining 
element. He pointed out that a strongly electro-positive or electro- 
negative element, exerting all its force, always took on the lowest 
valency. To a certain extent, then, he returned to the view of Berzelius. 

Owing to the connefctioa between affinity and valency, many investi- 
gates tried to find an explanation of the former in the hope that it 
might lead to an elucidation of the latter. However, the view that there 
■ was any force behind valency dropped out, and Lothar Meyer summed 
up the views of the time (1870} by the statement that “By chemical 
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or they must bo linked to each other in some such way as that illustrated 
below: — , 

r CN-CN— CN-I 


CN-CN-CN 


.k;..". Of these, the first assumption is preferable, since thojjpcond is in com- 

■ ; " ' - 


valency w^e mean tie ratio of the atomic weight to the equivalent weight 
of an element. Valency is thus a pure number”, (See Chapter L, § 11.) 
It is clear, then, that he did not look upon it as any expression of force. 

The existence of molecular compounds was still not satisfactorily 
explained. These compounds included: (1) the so-called double halides, 
such as the stannichlorides, platinichlorides, silicofluorides, etc.; (2) the 
complex cyanides (such as ferro- and ferri-cyanides), and nitrites (such 
as cobaltinitrites); (3) the hydrates; (4) the amminesf complex com- 
' pounds containing ammonia; and (5) oxonium and sulphonium com- 
pounds, etc. (organic compounds of quadrivalent oxygen and sulphur). 

The formulae of some of these compounds are given below: — 


HAuCl* 


Na 3 AIF ft 


(NH 4 ) 2 SnCl 6 


K 3 Sbd 6 

[(H a O) 4 GrCl 2 ]Cl 

K s Co(N0 2 ) 6 . 


These compounds all appear to be made up of two molecules, each 
of which is capable of a separate existence. Thus, potassium ferro- 
cyanide, K 4 Fe(CN) 6 , may be regarded as compounded of 4KCN and 
Fe(CN) 2 . The formula could not, however, be written 4KGN, Fe(CN) 2 , 
as this denotes that on solution in water, potassium, ferrous and cyanide 
ions would be produced, whereas actually, only potassium and 
ferrocyanide Fe(CN) 6 — ions are produced. Ions, such as the ferro- 
cyanide, ferrioyanide, cobaltinitrite, etc., ions, are called complex ions. 

The problem is to find some method of writing the formula of these 
complex ions in order to indicate their structure. Consider again the 

ferrocyanide ion, Fe(CN) 6 . The six cyanide groups are her© 

identical in their relationship to the iron atom, for they may be replaced 
by other groups, and no matter which one is replaced, the same com- 
pound results. They must be either linked to the central iron atom, 
giving the latter an apparent valency of six, 



Alfred Werner, in 1891 and the following years, propounded a theory 
which was capable of explaining the behaviour of these molecular 
compounds. According to this theory, there was a tendency amongst 
certain atoms to attach to themselves a definite number of other atoms 
irrespective of their valency. The maximum number of groups 


or groups, irrespective 01 tneir vaiency. me maAuuum 
that could be added was called the co-ordination number . It is usually 
four, or six. The atoms or groups thus attached were supposed to be in 
the first zone. Besides these, the molecule could contain other atoms or 
groups which were in a second or outer zone. These were not so firmly 
held, and could be ionised in water, whereas those in the first or inner 
zone could not. To return to the example of potassium ferroeyanide; 
according to Wemer, the substance could be written K 4 [Be(CN) 6 ]. The 
co-ordination number of the iron is 6, because the iron atom is surrounded 
These are in the first zone, and not dissociable. 


I by six cyanogen groups. . . 

The whole group, [Fe(CN) 6 ], or co-ordination complex (as it is called), 
can take up four potassium atoms, and these are in the second zone, and 
jft can be ionised in aqueous solution. 

k The spatial arrangement of these atoms and groups in the co-ordina- 
, « tion compounds was also elucidated by Wemer. The 4-co-ordinated 

' , compounds could have sf plahar pr a tetra hcdr al ■structure . 

.. .! * 


The 6-co-ordinatq4 compounds must be octahedral. 
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patible with the statement made above that all six (CN) groups are 
equivalent as regards replacement. 

The consideration of a greater number of compounds of this type 
reveals the fact that the central atom of the complex ion frequently 
shows a maximum valency of six, though for some elements it may be 
four. The maximu m valency appears to vary with the position of the 
element in the Periodic Table, as shown in the following Table. # 


Table XSI 


Hydrogen . . 

Lithium — Fluorine 
Sodium — Bromine 
Rubidium — Uranium 


Maximum Valency. 
2 

6 

(rarely S) 
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This was verified by the fact that there are two isom6rs of compounds 
ofithe type [A 2 MBJ, such as [K(NH 3 ) 4 Cl 2 ], which differ considerably 
in colour, crystalline form and other properties. On the octahedral 
theory they may be represented as 


No other structure (plane hexagon, or prism are possible alternatives) 
would give this. 

The electrical charges on the parts of these complexes were investi- 
gated by Werner. If, in the complex ion, a neutral molecule or group 
(e.g., ammonia, NH 3 ) is replaced by a negative ion (e.g., Cl - ), the 
charge on the complex ion is increased by one negative unit. Thus, if 
the^complex is already positively charged to the extent of four units, 
it will be positively charged to the extent of three after the replacement. 
The following series of compounds may be prepared: — 

[Pt(NH s ) e ] + + + + Cl 4 

[Pt(NH 8 ) 6 Cl]+++Cl 3 — 

[Pt(NH 3 ) 4 Cl 2 ]++CI 2 — 

[Pt(NE 3 ) s Cl 3 ]+Cl - - . 

[Pt(NH 3 ) 3 Gl 4 ] - 

[Pt(NH 3 )Cl 6 ]-K+ 

EPtey— k s ++ 

The successive replacement of the neutral ammonia molecule by the 
electro-negative Cl ~ decreases the charge on' the complex ion, until 
the neutral compound [Pt(NH 3 ) 2 Cl 4 ] is reached, which does not ionise 
at all. Further introduction of Cl ~, and removal of NH 3j makes the 
whole complex ion electro-negative, -and it is possible for it now to 
combine with an electro-positive metal like potassium. 
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The view that the central atom can take up a number cjf groups 
irrespective of their valency was quite foreign to the conception of 
valency held at the time (1890-1900), and the theory met with a poor 
reception. More recently, however, it has been shown to be essentially 
accurate, and the co-ordination compounds have received satisfactory 
explanation on the electronic theory of valency (§ 75). 1 

An important piece of work was that of Abegg in 1904, who returned 
to the idea that, different valencies could be exhibited by an element, 
depending upon the element with which it was combined. He found 
that many elements had two kinds of valency which he called normal 
and contra- valency, and the sum of these was always eight. He called 
the maximum normal valencies positive for metals, and negative for 
non-metals. The contra-valency is of opposite polarity, and is much less 
frequently in evidence than the normal valency. The variation of these 
valencies with the group in the Periodic Table is shown in the Table 
below: — 

Table XXII 

Group in the Periodic Table. 


Normal . +1 -f-2 +3 ±4 —3—2—1 U 

Contra . (-7) (-6) (-5) ±4 +5 +6 +7 +8 

All these valencies are not always exerted. Thus chlorine is usually 
univalent, for example, in hydrogen chloride, but in chlorine heptoxide, 
C1 2 0 7 , it is heptavalent, and is here exerting its maximum contra- 

valency. ' 

j 73. The Electronic Theory of Valency.— With the advent of a more 
complete knowledge of the structure of the atom, the development of 
which has been outlined in Chapter II., came a much fuller idea of the 
meaning of valency. The old conception of valency as a number was 
gradually dropped, and attempts were made to find, in the modqm 
theory of the structure of the atom, the reason for chemical combination. 
Valency is now regarded predominantly as a force, and not as a number. 


Maximum 
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number,^;, whether It is a normal or contra- valency, signifies the number 
of loosely attached negative electrons in the atom: his negative valency 
number v f means that the atom has the power of removing v f negative 
electrons from other atoms, or at least of attaching them more firmly to 
itself”, ■ 

In spite of the fact that the views then held on the structure of the 
atom differed considerably from those held at the present time, Drude 
came vfcry near to our modem ideas. 

It was necessary to wait for the full development of the idea of the 
nuclear atom before any advance could be made in the electronic 
theory of valency. In particular was it necessary to arrive at the 
concept of the atomic number (§ 37), which was done in 1913. This gave 
the number of electrons in each atom, and provided something to work 
upon in connection with valency. 

Further developments came from two independent sources. Both 
Kossel and G. N. Lewis noted that the element which immediately 
precedes an inert gas in the Periodic Table is always strongly electro- 
negative and univalent. Thus chlorine immediately precedes argon, 
fluorine precedes neon, bromine precedes krypton, and iodine xenon! 
All these halogens are univalent and strongly electro-negative. Imme- 
diately following the inert gases, on the other hand, are always strongly 
electro-positive elements, and again they are univalent. They are, in 
fact, the alkali metals. These elements and the corresponding atomic 
numbers are shown in the Table below. 


Table XXIII. — Table showing Elements in the 
Neighbourhood of the Inert Gases 


Group VII, 

Group 0. 

Group I. 

F (19-0) 

Ne (20-2) 

Na (22-997) 

9 

10 

11 

Cl (35-457) 

A (39-91) 

K (39-096) 

- 17 

18 

19 

Br (79-91 G> 

Kr (82-92) ' 

'Rb (85-44) 

35 

36 

37 

1(126-932} 

Xe (130-2) 

Cs (132-81) 

63 

54 

55 
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metak could attain the game objective by giving up one election. When 
the atoms reach the stable configuration in this way they become the 
corresponding Ions. Thus, potassium, when it loses one electron, will 
have a resultant unit positive charge, and will, in fact, be the potassium 
ion, K + {§ 18). Fluorine, by gaining one electron, attains one negative 
charge, and becomes the fluorine ion, F~~. Extending this to the adjacent 
groups of the Periodic Table, calcium could give up two electrons and 
attain the stable argon configuration; sulphur in Group YI. ecfuld take 
up two electrons and also attain the stable argon configuration. The ions ( 
Ca + + and S " would thus be produced. The valency of the element, is 
obviously the number of electrons which the atom must give up, or take 
up, in order to attain a stable configuration. The electrons thus trans- 
ferred are usually those in. the outermost orbit, and are called valency 
electrons . 

No atomic model whatever is involved in these statements. The only 
assumptions are that there are electrons in the atom; that each atom 
differs from the one preceding or following it in the Periodic Table by 
one electron, and that some of these electrons are held more firmly 
than others. 

When Lewis and Kossel put forward their theories, they assumed a 
static model for the atom. They looked upon the electrons as at rest, 
and stated that the stable configuration of eight was produced when the 
electrons occupied the comers of a cube. It is now known, however, that 
the electrons are in motion in certain orbits (§ 66), and that the inert 
gases, which have stable configurations, have eight electrons in their 


outermost energy level. Thus, the atomic constitutions of the Inert 
gases are:— # » 

Helium . .* . .2* 

Neon . . . v 2,8 * 

Argon . . . , , 2,8,8 

Krypton . \ . . 2,8,18,8 

Xenon t . . . . 2, 8, 18, 18, 8 

Eadon *. * , . . 2,8, 18,32,^18, 8* 

In every instance (except helium) the outermost level contains eight 
electrons (an octet), and this pusi be the number necessary to confer 
complete stabiyty upon the atom. The other elements seek to attain 
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these configurations by taking up electrons from other atoms that will 
part with them. Thus, in the formation of sodium chloride, the sodium 
atom, which has one electron more than the number required for the 
stable neon configuration (its structure being 2, 8, 1), gives up this extra 
electron to chlorine, which has the structure 2, 8, 7, and could take it up 
to make the stable argon configuration. The electron is thus transferred 
from one atom to the other. This is represented as follows: — 


The dots represent the electrons of the outermost level, these being 
(as a rule) the only ones which play any part in deciding chemical 
combination. The cross represents the electron transferred from the 
sodium atom. 

In the formation of a salt, such as sodium sulphide, which contains 
a divalent radical, the sulphur requires two electrons to reach the stable 
configuration. It can get these by combining with two sodium atoms, 
which will each supply one, or by combining with one calcium atom, 
which has two available electrons in the outermost level. 


When such a salt is dissolved in water, the attraction between the 
constituent parts is decreased, and two ions are produced. Thus, 
sodium chloride gives sodium and chlorine ions. These ions are merely 
the onginal atoms which have reached the state of stability by gaining 
or losing electrons. The electrons lost or gained give them their charge. 
Thus 


The bond between the component ions of a metallic salt in which 
electrons have been transferred from one atom to another is called the 
electrovalent bond. Sometimes it is called a polar bond, but it is prefer- 
able not to use this term. The compounds are called electrovalent 
compounds. • r r r 

Two^ypes of crystal structure are indicated by X-ray analysis (§ 134); 
one is typical of ionised compounds, in which the ions are closely 
packed in the crystal lattice, and the other is a neutral structure, much 
more open, found in substances like benzene, and ice. The X-ray 
examination of$ substance like potassium chlorkfs indicates that whilst 
the units in thcspace lattice are ions, the electrons are displaced from 
their orbits. In a certain measure a return to the dualism of Berzelius 
has been made in the conception of th^ electrovalent bond. More will 
be said about it later. 

. ... . « « 
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74 . Covalent Linkages.— In organie, and in some inorganic sub- 
stances the linkage is not an eleetrovalent bond, for there will not be 
enough electrons to enable transference to be made. Thus, it is clear 
that in some compounds, such as the chlorine molecule, transference of 
electrons cannot have taken place. The transference of an electron 
from one of the chlorine atoms to the other (each having seven to start 
with) would allow one to attain the stable configuration, but would 
leave the other with six only. 




Compounds of this type, too, are quite different from those that we 
have previously considered. They do not ionise, and as a rule they axe 
much, more volatile. To overcome the difficulty, it was supposed by 
Lewis that there was sharing of two electrons between the two atoms. 
In this way both could attain the stable structure. 

= ci ; ci ; 

• * XX 

Let us take another example. Carbon tetrachloride is obviously not 
to a metallic halide. It does not ionise, it does not dissolve in 
water, it is easily volatile. This is due to the fact that in this compound 
there are no unshared electrons involved in the bonding, and only a 
small residual electric field. The electronic structure of this compound 
is given below. The electrons belonging to the chlorine are represented 
by crosses, and those to the carbon by dots, and the shared electrons 
are enclosed in rings. 


* <o> 


It will he seen that all the atoms have their full number of eight electrons, 
but they have only attained them by sharing electrons with other atoms. 

A bond of this type, where one atom contributes one and the other 
also contributes one eaectibn, is called a covalent Untege* or sometimes a 
non-polar linkage, although this term is one to be avoided. 

Covalent bonds hold the atoms together by the shared electrons. In 
the case of the eleetrovalent bond, the ions axe held together only 

, _ rrn ' t t 1 1 OTVO 


Wit* KXmSK? Vi. J -t JL ' 

electrostatic fosaes. The electron has been given up, and except^ 




Hi 


I 
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the interaction of the electric fields, the two ions are free. Accor ding to 
Heitler and London, the formation of a covalent bond depends upon 
the resultant spin quantum numbers of the atoms (§ 80) . The sharing o 
electrons is, in effect, a neutralisation or coupling of the electron spins 

A few examples of substances formed by sharing electrons are given 
below: — 


Water. 


Hydrogen chloride 
(in the gaseous state). 


Phosphorus trichloride. Methane. 

The double bond may be represented as the sharing of four electrons, 
as in ethylene 

H H 


and the triple bond by the sharing of six, as in acetylene; 
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and if it were permitted to share with the boron atom the twc#clectrons 
enclosed in a ling, the latter would complete its octet. This is what is 
supposed to happen. The molecule 


is thus formed; the hydrogen ionises off, and the radical BF 4 may be 
enclosed in brackets. The hydrogen has lost its original electron, and so 
is charged positively, whilst the BF 4 ion, as a whole, has gained it, and 
therefore becomes charged negatively. 

This type of bond is different from any so far considered, for it 
involves the sharing of two electrons which have both been supplied by 
the same atom. Since this process gives a satisfactory explanation of the 
co-ordination compounds of Werner, the bond has been called the 
co-ordinate bond, or the semi-polar bond, the latter being a term 
proposed by Lowry, since there is transference, and at the same time 
sharing. To save time in writing, the co-ordinate bond is frequently 
written AZZ^B, or A >B. Hydrofluoborie acid is HF ^BF 3 . 

This may now be applied to other examples. It is interesting to see 
how it is that the radical X0 4 occurs so frequently in inorganic com- 
pounds, X being Cl, Mn, Cr, S, Se, Te P, Si, etc. Let us take the forma- 
tion of sulphuric acid from sulphur trioxide and water: — • 

Sulphur trioxide is 


Water is 


When the two come together we have 
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Tli© hydiogen ionises off, and so we may write the [SOJ radical in 
square brackets, and the hydrogens outside 1 . When the acid is dissolved 
in water the hydrogen ions are split off, leaving the radical with a double 
negative charge: — 


The (Cr0 4 ) ~ ~~ ion is, similarly, 


In every case, the octet of the central atom, X, of the ion (X0 4 ) is 
complete and fully shared. This is the reason for the stability of these 
ions. It also explains the comparative rarity of ions of the type (X0 5 ) 
imd (X0 6 ). Periodic acid, H 6 I0 6 , is one of the few instances of a com- 
pound containing the (X0 6 ) ion. 

The formation of salt hydrates, or the hydration of ions, is another 
example of co-ordination. r 

Lewis gave the name “acceptor” to any substance that could take 
up electrons to make its ring complete. Atoms which could supply them 
were called “donors”. 

76. The Electrovalent Bond and Ionisation.— The distinction 
between a met^l and a non-metal now becomes more clear. A substance 
is a metal, or shows metallic properties, when it can form positive ions, 
and hence- when it can lose its valency electrons. A substance is a non- 

* The structure of HgS0 4 & not necessarily as shown. It is written in this way 
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metal when It tends to take up electrons. It is for this reason that 
hydrogen shows both metallic and non-metallic properties. It travels to 
the cathode in electrolysis of 'acids, and takes the place of a metal in 
them, because it has given up its one electron. On the other hand, it 
can form hydrides, such as lithium hydride, LiH, which on electrolysis 
gives hydrogen at the anode. In LiH the hydrogen has taken up an 
electron to form the stable helium configuration, and is therefore acting 
as a non-metal* The fact that elements on the right-hand side of the 
Periodic Table are predominantly non-metallic (e.g., oxygen, chlorine, 
sulphur, nitrogen, phosphorus, etc.), is explained because here the 
elements tend to take up electrons to attain the stable configuration of 
the next inert gas. The atoms of elements towards the left of the Table 
tend to give up electrons and attain the stable arrangement of the inert 
gas next before, and are therefore metallic in character (e.g., sodium, 
aluminium, magnesium, calcium, etc.). A certain number of elements do 
not form ionisable compounds, or only do so with difficulty. These 
elements are in the middle of the Table. The best example is carbon. 
We may analyse into two factors the ease with which metals form ions. 
The first is the number of valency electrons. The higher the valency, the 
more difficult it will be to remove further electrons, after the first 
electron has been removed. In an ion, there is the same nucleus as in the 
neutral atom, but fewer planetary electrons. Thus, as an electron is 
removed, the positive charge on the nucleus, which is unaltered by this 
process, has now a greater attractive effect on the remaining electrons. 
The more electrons are removed, the more firmly are the remainder hold. 
Thus it becomes increasingly difficult to remove the electrons in poly- 
valent atoms. 

The second factor is the atomic volume, which is governed by the 
size of the orbit of the valency electron. This will be further ^discussec? 
in § 78. 

77. Transition Elements. — The question of the valency df the 
transition elements is interesting, because these elements can exhibit 
variable valency. The valencies of some of the members of the first 
transition series are shown in the following table: 

* * T4BLE XXIV 


Element. 

Valencies. 

Titanium 

2 3 4 

Vanadium 

2 3 4 5 . 

Manganese 

2 3 4 6 *7 

Iron 

2 3 

Copper * 

1 2 

— • — 
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The variable valency arises from the electronic structure of these 
elements, which, as explained in the last Chapter (g 66) involves the 
filling of ad shell inside a completed $ shell. 

Iron may be considered as an example, The outer configuration of 
the iron atom is SdHsK When the two 4s electrons are lost a ferrous ion 
results; when a & electron is also lost a ferric ion is formed. 

Another interesting point connected with the filling of an inner shell 
is the colour of the ions. All the elements from titaniumto copper in the 
above series have coloured ions. If an ion is coloured it means that it 
absorbs fight in the visible spectrum. If this is the case, transitions must 
take place in the atom which correspond to the absorption of quanta of 
visible light, of which the energy is between about 40,000 and 70,000 
gram-calories per gram atom. In the case of an ion with a completed 
ring, such as Ca + + (of which the structure is 2, 8, 8) or K + (of which 
the structure is again 2, 8, 8), the only transitions that can take place 
are those to a higher orbit. The amount of energy required for this 
would be considerably greater than 70,000 gram-calories per gram 
atom. Consequently these ions absorb in the ultra-violet (corresnondinff 
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Orbits. 

80 Mercury 

81 Thallium 

82 Lead 

83 Bismuth 


whilst mercury, although not falling in the above groups, may be added, 
since it shows similar abnormalities. If the electronic structures of 
these elements are written down (Table XXV), it is seen that the valency 
of mercury should be two; of thallium, three; of lead, four; and of 
bismuth, five, or three. The valencies actually exerted are: mercury, 
two; thallium, one and three; lead, two and four; bismuth, three, four 
and five and, possibly, two. Why is this? 

It is now known that the first two electrons in any group, having the 
quantum numbers Ns, behave differently from the rest, as they corre- 
spond to the la electrons in helium. They form a subsidiary stable 
arrangement, and may be difficult to ionise, or even to share. They are 
called an “inert pair”. . : 

In the instance of mercury, the mercurous ion has been shown by 
Ogg, and others, to be [Hg 2 ] + + and not [Hg] + . In the mercury &tom, 
the structure ends with two 6a electrons, and if the theory of the 
“inert pair” is correct, mercury should be a comparatively inert 
element. The structure of the mercurous ion is evidence for this. In 
this, there are two mercury atoms sharing two electrons, thus giving 
the “ion” two positive charges. Since the 6s electrons can link together 
the two mercury atoms, they form covalent rather than eleetrovaleni 
linkages. This is sho^yn again in the unusual fact that mercuric salts 
are, on the whole, little ionised. They are predominantly covalent com- 
pounds. The conductivity of a solution of mercuric chloride £ much 
smaller than that of an equivalent solution of, say, cadmium chloride. 

With thallium, the two 6a electrons and the one 6p electron can be 
used for covalencies, but only the 6p electron can be used for electro- 
valencies. Thus, the ^hallous salts are ionised, but therthallic salts are 
all covalent, and do not ionise. With lead, the bivalent compounds, such 
as lead nitrate, Pb(N0 3 ) 2 , are electrovalent and ionised in solution, 
whilst the quadrivalent compounds, such as lead tetrachloride, Pb01 4 , 
are definitely cdmlent. 
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The valencies of certain non-transition elements, particularly the 
elements of Groups III., IV., V., VI., and VII., are abnormal. As 
examples, the elements thallium, lead, and bismuth, may be taken; 


Table XXV. — Structures qe Hg, Tl, Pb, Bi 



The structure of the boron hydrides is still, however, an open question, 
m Fajans Rale* Fajans’ rule 1 concerns the occurrence of electro- 
fu ^°7f Ien f es > and its connection with the position of the element in 
the Table. It ^states that the fonnation o? elefcovalent linkages is 
promoted by a high atomic volume (atomic weight divided by specific 
gravity) for the cation as compared with the anion, and by small ionic 
charges. There is considerable theoretical basis for this. It is clear that 

1 See also f 140. ** 
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In bismuth the two 6a electrons are similarly inert as regards 
valency, for bismuth never forms eiectrovalent compounds with a 
valency greater than three. Tin shows similar behaviour to lead. Its 
structure is 2, 8, 18, 18, 2, 2; the two 5s electrons are an inert pair. The 
quadrivalent salts of tin, such as stannic chloride, are covalent, whilst 
the bivalent salts, such as stannous chloride, are eiectrovalent. 

78, Distinction between Eiectrovalent and Covalent Compounds. — 
^ ^ an eiectrovalent compound there will be no definite structural bond, 
but a strong electrostatic field, and so the work done in separating 
molecules will be greater than the work required to separate molecules 
in covalent compounds. This means that the boiling point of an 
ionised compound will be much higher than that of a covalent com- 
pound, and this is found to be so in the vast majority of cases. Thus 
carbon tetrachloride may be compared with common salt. The boiling 
point of the former is 78° C., whilst that of the latter is over 1,000° C. 
Or, compare stannic chloride, which is a liquid, and potassium chloride. 
The first is a typically covalent compound, the latter a typically 
eiectrovalent compound. 

It is found, too, that covalent compounds are soluble in normal 
solvents, such as benzene and ether, whereas eiectrovalent compounds 
are soluble in abnormal liquids like water, which cause ionisation. 

Lewis pointed out that linkages always appeared to involve two 
electrons electron pairs, he called them. It is possible, however, that 
single electron linkages can exist. One instance where the existence of 
singlet linkages has been postulated is in the hydrides of boron. A series 
of these has been investigated by Stock, and the hydrides are found to 
have the formula corresponding to the hydrocarbons. The most 
common boron hydride has the formula B 2 hJ, which, by analogy with 
ethane, would be expected to be derived from a tetravalent atom. Boron, 
however, is trivalent. One way of explaining the existence of these 
compounds is to assume that some of the hydrogen atoms are linked to * 
the boron by singlet linkages, as the following formula shows:-— 
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the larger a metallic atom the less will he the attractive fcee for the 
outer electrons. They will not be held so strongly by the nuclear charge. 
The formation of a cation is thus helped by a large atomic volume, and 
of an anion by small atomic volume. The formation of multivalent 

anions (with the exception of complex ions, such as [Fe(CN) 6 ) is 

an extremely difficult matter, since every addition of electrons makes 
the nuclear attraction smaller. A simple analogy is that of a magnet 
picking up nails successively. As each one is. added the attraction for 
more gets less. It is for this reason that the maximum valency for a ! 
simple anion is two, whilst the valency of a cation can go up to four. 
Summing up, the conditions tending to produce electrovalent and 
covalent compounds are as follows: — 

Electrovalent. Covalent. 

Low charge. High charge. 

Large positive ion. Small positive “ion”. 

Small negative ion. Large negative “ion”. 

It must be mentioned that whilst Fajans 5 rule is very helpful, it is not 
without exceptions. 

The alkali metals (lithium, sodium, potassium, rubidium, and 
caesium) form good examples of the application of Fajans 5 rule. The 
atomic volumes of these elements are shown in the Table. 


Table XXVI. — Atomic Volumes oe the Alkali Metals 
Metal Li Na K Rb Cs 

Atomic Volume 11*8 23*7 45*3 56*0 70*7 

The atomic volumes of the last three elements are very large. This 
means that the valency electrons have large orbits, and will b$ com- 
paratively easily detached. The charge, of only one unit, on the ion, 
also adds to the ease of ionisation, according to Fajans’ rule. Thus, 
except for lithium and sodium there is little tendency for these elements 
to form covalent bonds. Hydration of salts is an indication of forma- 
tion of a co-ordinate link, as in solvation of ions (§75). Accordingly, 
it is found that the salts of lithium are nearly all hydrated, and so 
are many of those $f sodium, thus showing the capacity of these 
elements to form covalent linkages (for a co-ordinate linkage is merely 
a form of covalent linkage). The salts of potassium, however, are 
seldom hydrated, whilst it is rare to find hydrated salts of rubidium 
or caesium. 

Beryllium, in Gro^p II., has an atomic volume of only 4*92, and a 
charge of 2 units. Itfis on the limit of ionisation, as wpuld be expected 
from Fajans 5 rale. Magnesium has a high atomic volume (14*0), and 
-tdhcMh still capable of forming complexes, its compounds are pre- 
doml&i&ily electrovalent, an® it resembles the alkaline earth metals 
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In Grow IXL, boron is unable to form a simple cation, owing to its 
small size (atomic volume. 4*11), Aluminium, Laving a larger atomic 
volume than beryllium {102}, can form a tervalent cation, though the, 
high charge (3) makes it form covalent compounds readily. Thus, 
aluminium chloride is a covalent compound in the solid state. It will 
readily dissolve in normal liquids, such as benzene. 

An ion with a charge of 4 units could only exist if it were unusually 
large, and so non© of the early elements in Group IV. are found to give 
electrovalent compounds. The first quadrivalent ion is found with tin 
(atomic volume 16*5). 

It should be mentioned that there is some evidence for the existence 
in crystalline compounds of bonds intermediate in character between 
covalent and electrovalent bonds. For example, interatomic distances, 
determined by X-ray diffraction, or by electron diffraction, do not 
always correspond with those expected if the molecule were either 
covalent or electrovalent, hut are intermediate in value. In many cases 
there seems to be resonance (§ 81 and 83) between electrovalent and 
covalent structures. 

80. The Covalent Bond. — The wave-mechanical picture of the 
covalent bond visualises two electrons moving in an orbital common 
to the two atoms. This orbital, called a molecular orbital, is a region 
in space which embraces the two nuclei, and in which the electrons in 
the molecule are to be found most of the time. A molecular orbital 
arises from the overlap of two atomic orbitals, this overlap being the 
maximum possible. The two electrons in a covalent bond have opposite 
spins. 

The simplest example of a covalent bond is found in the hydrogen 
molecule. Here the 1,9-orbitals of the hydrogen atoms overlap to form 
a molecular orbital of the type known as a or- orbital. This is sausage- 
shaped (Fig. 43). 


Hydrogen 

Nuclei. 


Fio. 43. — tr-Type Orbital. 

The stability of the covalent bond is due mainly to a phenomenon 
known as exchange. In a covalent bond each electron is no longer 
confined to a single nucleus, as it would be ift anlisolated atom. Both 
electrons are free to move in the fields of the two nuclei of the atoms 
linked by the bond. A particular electron is no longer identified with a 
particular nucleus, hut the electrons continually exchange between the 
fields of the nuclei. The result of this exchange is a» towering of the 



bonds (Fig. 4$), 
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energy of the system and hence an increase in stability. In o*her words, 
the exchange gives rise to a force of attraction between the nuclei 
leading to the formation of a covalent bond. The force resulting from 
the exchange arises in the wave-mechanical treatment of the covalent 
bond; such forces do not occur in the classical theory. The energy 
gained in the exchange is known as the exchange energy. 

The wave-mechanical picture serves as a guide to the shape of the 
molecule. Consider the water molecule as an example. The electronic 
configuration of oxygen is ls 2 2s 2 2p 4 . The electrons which go to form: 
a covalent bond are the 

unpaired electrons. In the O 

2p shell of oxygen there are 
two unpaired electrons; let 
us assume that one is in the 
p x and one in the p y orbital. 

These unpaired electrons 
form covalent bonds with 
the two Is electrons of the 
hydrogen atoms; two bonds 
are formed, one between the 
p x electron and the electron 
of one of the hydrogen 
atoms, the other between 

the p y electron and the electron of the second hydrogen atom. The 
bonds are formed where there is maximum overlap of the p~ and s 
orbitals. The p x and p v orbitals of oxygen are at right angles 'to one 

another, and so in their overlap with 
the a orbitals the resultant structure 
consists of two <r- orbitals at' right 
angles to one another. Each orbital 
links the oxygen atom to one of the 
hydrogen atoms. The angle HOH 
evaluated experimentally is a little 
; (-1 greater than 90°. This difference is due 
in part to the electrostatic repulsion of 
the hydrogen nuclei. 

The ammonia molecule can bs treated 
in a similar manner. The electronic 
configuration of nitrogen is ls 2 2s 2 2p z . 
Each p orbital contains an unpaired 
electron and hence each p electron 

This 


Fig. 44. — W ater Molecule. 


90° 


Fig. 45.- 


-Ammonm Molecule. 

z_ HNH - 9 

i * 

forms a bond with an electron from one of the hydrdgen atoms, 
leads to an arrangement of bonds in the ammonia molecule, in which 
each nitrogen hydrogen bondis at right angles to the two other N - H 
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The valfney of carbon presents an important problem. Here the 
external configuration of the atom is l$ 2 2$ 2 2p 2 . There are only two 
unpaired electrons, which would seem to indicate that carbon is 
divalent. Carbon, however, is almost always quadrivalent. To account 
for four unpaired electrons a process known as promotion is sup- 
posed to take place. In this process the electrons in the 2s shell 
uncouple and one is promoted to the p level giving an sp 3 configuration. 
A difficulty still remains. If the four sp 3 electrons formed bonds there 
•would be three bonds at right angles to each other and a fourth bond 
with no directional properties. It has been known, however, for a long 
time that the valencies of the carbon atom point to the comers of a 
tetrahedron, of which the carbon nucleus is the centre. It is believed, 
therefore, that the process of promotion is followed by another process 
known as hybridization. In the latter the three ^-orbitals and the 
a-orbital combine together to give four hybrid orbitals which are 
equivalent to each other and are arranged in tetrahedral fashion. It 
can be shown that tills tetrahedral arrangement is the most stable one 
resulting from the combination of the s- and the three ^-orbitals. This 
sp 3 hybridization of carbon takes place in most cases in which carbon 
is linked to four other atoms, as, for example, in the paraffins. 

Where carbon is linked to three other 
pv atoms the four orbitals do not hybridize. 

\ Nv Only the s - and two of the ^-orbitals 

\ \ hybridize in this case; the other 33-orbital 

\_ \ remains unaffected. The result of this sp 2 

X. — - hybridization is three orbitals the axes of 

X<^ J) which are coplanar at angles of 120° with 
X each other (Fig. 46). 

/ J The ethylene molecule may be eon- 

f / sidered as an example of this type. The 

/ / two carbon atoms undergo sp 2 hybridiza- 

Ix 1 tion. In each carbon atom two of the, 

Fia. 46 . — sp 2 -Hybridization in h y brid orbitals go to form covalent bonds 
* tho Carbon Atom. with two hydrogen atoms and the third 
orbital forms th§ covalent link with the 
other carbon. The resulting structure m shown in Fig. 47. The six 
nuclei farming the molecule are coplanar. The p-orbitals unaffected by 
hybridization still remain to be considered. These two orbitals, one 
from each carbon atom, have a tendency to overlap; this tendency 
leads to the formation of a molecular orbital (Fig. 48). The molecular 
orbital formed £$om the ^-orbitals not involved injbhe sp 2 hybridization 
has a different sfiape from a a-orbital and is known as a sr-orbitaL It is 
in two sections, one above, the other below the plane of the nuclei. 
Thus the carbon atoms in ethylene ar# linked by two orbitals, one 
o-type orbital and one w-type orbital. This constitute a doube bond. 
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Both, the a- and the 7 r-orbitals contain two electrons. *■ 

It can be seen that an attempt to rotate one of the CH 2 groups in the 
ethylene molecule about the 0-0 axis of the molecule will result in a 
lessening of the overlap of the p-orbitals forming the sr-orbital of the 


Fig 47. — a- Orbitals of Ethylene. 

double bond. This will decrease the stability of the bond. Hence there 
is no rotation of groups about a double bond; a double bond defines a 
plane. Tins explains the cis-trans isomerism of maleic and fumaric acids 
(Mg. 49, where the correct steric representations of the acids are given). 


V / » XL-/ Fig. 48. 

Electrons in a Tr-orbital are more accessible to attack from other 
molecules than are electrons in a c-orbital. It is for this reason that a 
double bond is more reactive than a single bond. 

81. Conjugated Systems of Double Bonds. — The idea of sp 2 
hybridization helps'* in understanding the structure of the benzene 
molecule. Each carbon atom in a benzene ring is linked to three atoms; 
two of these are adjacent carbon atoms in the ring, and the third is a 
hydrogen atom. In order to^ive this structure, the electrons of each 
carbon atom *t*ndergo sp 2 hybridization. The three hybrid orbitals 
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form bond! with the atoms to which the carbon atom is attached. This 
results in the skeleton of the benzene molecule, which consists of a 
"regular hexagon of six carbon atoms to each of which is linked a 
hydrogen atom. The twelve nuclei forming the molecule are coplanar. 
The skeleton is shown in Fig. 50. 


COOH 


COOH 


COOH 

Maleic Acid. 


HOOC 


Fumaric Acid. 


Fig. 49. 


There is still one p electron on each carbon atom which has not taken 
part in hybridization. The orbitals of these electrons are shown in 

Fig. 51 (i). From the previous 
discussion on the double bond it 
may be expected that these 
^-orbitals will overlap with a 
neighbouring ^-orbital to form a 
double bond. However, if any 
p-orbital in the ring is con- 
sidered it can be seen that it has 
an equal tendency to overlap 
with each of its neighbouring 
^-orbitals. There is no more 
reason for the orbitals to overlap 
to link #arbpn atoms 1 to 2, 3 to 
4, aM 5 to 6 by Tr-orbitals than 
for them to overlap to result in 
7r-orbitals between carbon atoms 
2 and 3, 4 and 5, 6 and 1 (Fig. 51 
ii, iii). Neither arrangement is more likely th$m the other. It is 
supposed, therefore, that these electrons are ifot confined to any 
particular portion of the molecule, but move in three delocalised 
orbitals. Each delocalised orbital embraces the six carbon nuclei. One 
such orbital is shown in Kg. 51. Tw<5 electrons of opposite spins 
occupy each orbital. t* 


Fig. 50. — a-Bond Skeleton of Benzene. 
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of the delocalised electrons may 1 
view. Neither Fig. 51 (ii) nor Fi 
ntation of the benzene molecule. 


actual structure to be intermediate between the structure 

- - \ This intermediate structure is 

of the extreme structures. These lath 
and the actual structure is 
hybrid. The canonical forms SZ 


by Figs. 51 (ii) and 51 (iii) 
from resonance cf JLl " 
canonical forms, i 
called a resonance „ 
contribute equally to the final structure. Reson- 
ance decreases the energy of the system and the 
decrease in energy is called resonance energy. 

It can be seen that both conceptions of the 
7 r-electrons in benzene involve the idea that the 
electrons are no longer confined to a particular 
bond. Systems which involve delocalised elec- 
trons are called conjugated systems. 

Butadiene is the simplest conjugated system, 
of molecular formula C 4 H 6 , and we may consi 
similar line of thought to that which we applied t< 


Ficl 53. — <j-Orbitals of Butadiene. 



F IG. 54.-— Delocalised 7r-0rbital of 
Butadiene. 


Fig. 53a. 

The butadiene molecule involves the resonance of two canonical 
structures: 

CH 2 = GH - GH = CH 2 and CH 2 - CH = GH - CH 2 


Structure (a) is thought to contribute more to the final structure than 
does structure (6), which involves lone electrons on the terminal carbon 
atoms. 

82. ^-Hybridization. — When a carbon atom is linked to only two 
other atoms ^-hybridization takes place. In this type of hybridization 
two of the ^-orbitals of the carbon atom are unaffected. The sjp-hybrid 
bonds are colinear. The two carbon atoms in acetylene molecule 
undergo -hybridization . This leads to the formation of a cr-bond 
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83 Resonance —Resonance, which has already been disgtmsed m 
eo^ctkmwhh the structure of benzene (§ 81), occurs when the 
electronic structure of a molecule can be written m two ways of 
approximately equal energy and in which the positions of the atom 
remain unchanged. The actual electronic structure is to be regarded 
as a combination of the various possible structures. For example three 
electronic structures can be written for the carbon dioxide molecule. 


OsC-O 
(a) 


0 = C = 0 

(b) 


O-CsO 

(c) 


There is resonance between the three structures, or canonical forms. 
The contributions of the ionic type structures (a) and (c) a 

certain amount of triple bond character to the carbon-oxygen bonds, 
JSfSTSt that the carbon to oxygen bond-lengths m carbon 
dioxide are slightly smaller than the normal carbon-doub 

OX £ n eff?c?of resonance on bond-length is also observed in the benzene 
molecule. The carbon to carbon single bond length is 1-54 A; ^carbon 
to carbon double-bond length is 1-33 A In benzene the carbon to 
carbon distance is 1-39 A. This length is intermediate between that of 
single and double bonds and shows that the actual bonds m benzene 
areneither single nor double, but intermediate m character, the effect 

^The^ bonds' of° a ^noni c al form in a resonating system need not be 
covalent; electrovalent bonds can also be involved Thus, hydrogen 
chloride can be represented both as a covalent and an electrovalent 

compound: + 

H * Cl: and H ;C1 : 

It is supposed that there is resonance between the two structures, so 
that the molecule is neither completely covalent nor completely ionic 
As a further example we may take the nitrous oxide molecul . 
Experiment shows that this molecule is linear, with the oxygenatom^ 
the end of the line. Therp are two likely structures which fulfil this 

condition, N = N = 0 and N = N - 0, the + and - signs indicating 
Z polarity of the atoms in the molecule. These two structures ejm be 
shown to differ only a little in energy, and have the necessary conditions 
for resonance. It is believed then that nitrous oxide is not actually 
represented by either structure. That this is true is clear ^ experi- 
ment, which indicated that the molecule does not possess a l&rgedipole 
moment, as it would have if it were markedly polar as required by 

either of the above structures. , , . 

It should be emphasised that nitrous oxide is not a tautomeric 
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molecules with these two structures. Statistically, 
' something intermediate between the two, which ei 


mixture molecules with these two structures. Statistically, the real 
structure is something intermediate between the two, which cannot, in 
fact, be represented by the conventional diagrams. The stability of 
nitrous oxide is to be ascribed to the fact that the energy of the 
resonating system is less than that of either structure separately. 

84. Complex Compounds. — The idea of hybridization can be applied 
to the clarification of the structure of complex compounds 
- Consider the ferricyanide ion [Fe(CN) 6 J - — . The iron atom has the 

outer electronic configuration 3d e 4s\ This means that the electronic 
shells up to and including 3 p are fully occupied; the 3d level contains 
six electrons, while the 4s shell contains two electrons. The iron atom 
loses three electrons to give the ferric ion, which has the configuration 
3d . I he feme ion, with three positive charges, co-ordinates with six 
negatively charged CN ions to give a complex ion carrying three 
negative charges. The iron atom in the complex is linked covalently to 
each of the cyanide ions. The pair of electrons comprising each Fe-CN 
bond is supplied by the cyanide ion. Six unoccupied orbitals in the 
ferric ion are used m the formation of the bonds. The orbitals are the 
^ e f. an< ^ tie 3d orbitals. Before taking part in the 
bond the six orbitals hybridize. This hybridization is called a 

d sp -hybridization. It results in the formation of six hybrid bonds 
which point along three axes at right angles. Such bonds are directed 
Irom the centre to the comers of a regular octahedron. This octahedral 

arrangement of the CN groups about a central iron atom is confirmed 
by experiment. 

Hybridization involving d-orbitals can occur in other ways; thus 

S M i S bnd - Za i° n Ar JS? giV6S rise to a P lanar system of hybrid bonds, 
take? place m the [Ni{GN)J complexes. 

85 ‘ ^ Hydl0g ™ Bond. Hydrogen behaves in a peculiar way in a 
number of compounds, and was at one time thought to be capable of 
forming a stable rmg of four electrons. This is now known to be 
but of ^ e existence of some sort of interaction between a 
hjdrogen atom and other atoms there is no doubt. The effect is most 
pronounced when the hydrogen is linked to oxygen or nitrogen ( i.e ., in 

taW« 0 ^ Un g S T i m ^vr and ^ ” H) and tjfie atom r with which interaction 
takes place is F, Cl N or O. The term' “hydrogen bond” was proposed 

S” aild i 2f*J*sh for this interaction, although, as no definite 
K T? ,, to use the name “hydrogen 

bridge suggested by Huggins, and used commonly in the American 

r'ffw!’ or ’ 2“°® rt ,f not the hydrogen atom itself that is involved, 
but the free proton, a “proton bond”, as suggested by Palmer. 

Sh °^ S th . at water associated. At ordinary temperatures 

6 ° f aggregates of si mpfo H 2 0 molecuET This 

simple molecule is represented on the electronic theory^ 
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Tlie hydrogen can form a “hydrogen bond” with the oxygen-atom of 
another H 2 0 molecule, thus 


This may go on with the “addition” of another molecule of If 2 0. 

As far as theory is concerned, it is evident that this adding of H 2 0 
molecules could go on indefinitely. It comes to a stop, however, when 
the thermal vibrations of the molecule become large enough to prevent it. 
At ordinary temperatures, then, the aggregate contains, as a rule, three 
simple molecules, and as the temperature is raised the proportion of 
dimeric molecules increases, and that of trimerie molecules decreases. 
The degree of association of water at different temperatures is given in 
the table in § 191. 

Hydrogen fluoride is also associated for a similar reason. 


Almost all organic hydroxy-compounds, such as alcohols, phenols, etc., 
are associated in the same way, and can be accounted for by hydrogen 
bonding. Hydrogen bonding occurs in the carboxylic acids, 


leading to the formation of dimers. 

It was proposed by Sidgwiek that the hydrogen bond could Bo 
explained as a case of resonance, the proton forming the bridge being 
first nearer the one atom antKhen the other between which the bridge 
exists: 

R:H :R* ^ R: H:R* 

This view, however, is not now regarded as correct. It is more likely that 
the effect is electrostatic* The hydrogen ion is a bare proton with no 
electrons surroundin| it, and would therefore be likely* to attract other 
atoms, particularly electronegative ones. ^ If this view is correct, the 







100 VALENCY 

hydrogen /bond, and these are, in fact, the very atoms which do. 
Fluorine, the most electronegative of these elements forms the strongest 
hydrogen bonds, oxygen weaker ones, and nitrogen weaker still. 
Chlorine, although as strongly electronegative as nitrogen does not 
form such powerful hydrogen bonds; Pauling regards this as due to the 
larger size of the chlorine atom, which causes its electrostatic attraction 
to be smaller. 

Hydrogen bonds between carbon and oxygen or nitrogen are also 
•known, but they are very weak. 

In addition to explaining the association of hydroxy-compounds, the 
hydrogen bond explains the structure of many hydrated salts, and of 
metallic hydroxides. It also has a very marked effect on the crystal 
structure and properties of many substances containing the OH group. 
The existence of 0 - H * • * • 0 bonds explains the open type of 
lattice of a number of solid acids, e.g., boric acid, where the molecules 
are linked in layers by hydrogen bonds, adjacent layers being held 
together only by weak forces (so-called van der Waals forces, § 87). This 
accounts for the softness of the crystals of this acid and their ready 
cleavage into thin layers. Bernal and Fowler have shown how the open 
structure of ice crystals is due to the same cause. This has many effects 
in nature, such as the expansion of water on solidification and the high 
latent heat of fusion of ice, facts of the greatest biological importance. 

80. Chelate Compounds. — There are some peculiar metallo-organic 
compounds, in which there is internal co-ordination, which receive 
satisfactory explanation in terms of the electronic theory of valency. 
These compounds are called chelate compounds. In them a metal atom 
which might be expected to form an ion does not do so, but co-ordinates 
with another atom, usually ogygen. Th8 metallic derivatives of the 
diketones fall into this class. The beryllium compound of acetylacetone 
CH 3 . C(OH) : CH . CO . CH 3 , may be represented as follows: — 
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~CH — C : 


- CH * 


87* Other Types of Bond. — For the sake of completeness it should 
he mentioned that two other types of bond are recognised — the van der 
Waals bond, and the metallic bond. The former is the weak force which 
exists between atoms and molecules with stable configurations and which 
holds such units together in the crystal lattice. The force is also opera- 
tive, though to a smaller degree, in liquids and gases. 

The bond holding metal atoms together is regarded as being different 
from the others studied because a flow of electrons is possible through 
the lattice, giving rise to electrical conductivity without the decom- 
position which accompanies electrolysis (see § 315). 

Since the van der Waals and metallic bonds are not of great imp ortance 
in chemistry they will not be considered in detail. 
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•; ’ . ' ' THERMODYNAMICS— I 

88* Thermodynamics* — Thermodynamics is the science that treats 
of energy changes. The name thermodynamics is a misnomer, and 
• * Guggenheim has suggested that the name thermophysics would be 

more correct for this branch of science. Many treatments of this subject 
are concerned with various types of heat engines, which are devices for 
l converting heat into work; this is because the original and fundamental 

work was carried out by engineers. Actually the conclusions of thermo- 
dynamics are quite general since they apply to ideal systems. Thermo- 
dynamic reasoning is independent of the nature of the system and 
a PP^ es equally to the boiler of a steam engine and to the dissolution 
of the electrode in a galvanic cell. The methods of thermodynamics 
are those of an exact mathematical science. Since physical chemistry 
| has a great deal to do with the energy changes in chemical reactions it 

* m n °fc surprising that a knowledge of at least the fundamentals of 
thermodynamics is an essential for the physical chemist. 

There are three laws, or postulates, based on experience, which may 
be regarded as the starting points of thermodynamics, and the science 
is built up from these by purely logical reasoning, 

; 89. The First Law o! Thermodynamics.— The first law of thermo- 

dynamics is simply a statement of the principle of conservation of 
energy. This states that although energy may he converted from one form 
to another it can neither he created nor destroyed. 

The exact equivalence of heat and mechanical energy is a corollary 
of the first law. When heat is added to a system the internal energy 
of the system increases; if the system does work it does it at the expense 
" internal energy. The conversion of work into heat was first 

studied by Joule. He measured the amount of heat produced in a 
large number of different mechanical processes/* and showed that its 
relationship to the energy expended is given by 

\ i i i , iiiiii i 

where E is the work done, Q is the heat developed, and J is a constant 
known as the mechanical equivalent of heat^or Joule’s equivalent. If 
E is measured ixrergs and $ in calories, the value off J is approximately 
4*2 x 10 7 ergs per calorie (or 4*2 joules per calorie). 

The internal energy of a system is a> function of the state of the 
system only. It does not depend on the way in which .the system has 




Heat absorbed by a system is given a positive sign, and that given 
out by a system a negative sign. Work done by a system is positive, 
and work done on a system is negative. It follows that if U is the 
internal energy, then 


that is, the increase in internal energy of the system (A U) is equal to 
the heat absorbed (#) minus the work done by the system ( W). In using 
such an expression (or Indeed %ny mathematical formula applied to a 
scientific problem) it is necessary to express all terms in the sametmits, 
but this is generally understood when a formula such as the above is 
quoted. Thus, if a system absorbs 100 calories of heat, and does 
5 joules of work, the increase in the internal energy will be (100 X 4-2) - 
(+ 5) = 415 joules. » * 

If it is assumed thatmeat is taken into a system at constant pressure 
P, the process will usually be accompanied by a volume change A F, 
and the mechanical work done, by the system will be P A F. If the 
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of the Sj stem from U a to U h and the volume changes from V a to V b , 
then applying the equation 

AU ~ Q - W ■ 

we have 

U b - U a — Q P - P(V b - FJ. 

That is - U a + P(V b - V a ) 

= (U b + PV b )~ (U a + PV a ) . . (1) 

P*and F, like P, depend on the state of the system, so a function H 
can be defined as follows: 

H^U + PV. 

H is called the heat content of the system. It depends only on the state 
of the system. It can be seen from equation (1) above that the heat 
absorbed in a process carried out at constant pressure is equal to the 
change in the heat content of the system, 

Ah = Au + pAf = q p , 

90. Thermochemistry. — Whenever any chemical reaction takes 
place, heat is either absorbed or evolved. This is due to the fact that 
chemical compounds have various amounts of energy associated with 
them, and as the energy of the products of a reaction is never equal to 
that of the reactants, heat is evolved or absorbed when the reaction 
takes place. 

Heat is measured in calories. It is a common error to confuse tempera- 
ture with heat, but temperature is merely the level of heat, determining 
whether heat will flow from one body to another placed in thermal 
contact with it. The gram-calorie is the amount of heat required to 
raise the temperature of 1 gm. of water through 1° C. As this value 
varies slightly with temperature, it is customary, for accurate work, to 
specify the temperature over which the gram-calorie is to be measured. 
As a rule, the degree specified is 14°-15° C., though other figures have 
been proposed. 

* Since the amount of heat evolved and absorbed in any chemical 
reaction taking place between the weights j>f substances represented by 
the formulae in the equation is usually fairly large, and runs into 
thousands of gram-calories, it is sometimes convenient to use the 
kilogram-calorie, ie., the amount of heat required to raise the tempera- 
ture of 1 kilogram of water through 1° C. It is one thousand times as 
large as the ordinary gram-calorie. The ordinary gram-calorie is written 
with a small and the Miogram-calorie with a capital “C”. The term 
“heat tmcdtif* is sometimes used to denote the amount of heat 
associated with a chemical reaction. 

91. Heat of Reaction. — The hea£ of reaction is defined as the 
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at constant pressure, In the direction indicated by, and between the 
amounts of substances shown in the equation. Thus, the equation 
0 + O a = C0 2 ; AH = —94,030 

means that when 12 gins, of solid carbon combine with 32 gms. of 
gaseous oxygen to form 44 gms. of gaseous carbon dioxide, 94,030 gm.- 
calories are evolved. The heat of reaction is simply the change in heat 



Fig. §0. — Berthelot’s Bomb Calorimeter. 


content that accompanies the reaction, It is necessary to specify the 
state in which the reaetanls or products are employed, or obtained, 
since heat will be absorbed or liberated in changes of state (e.^from 
solid to liquid, or liquid to gas, or vice versa). This is indicated in the 
equation by putting a bar over the substance if it is a gas and a bar 
under it if it is a solid, and nothing at all if it is a liquid. Heat absorbed 
is given a positive sign, he# evolved a. negative sign 1 This convention 
,of sign is the one usedfbhroughout thermodynamics. The heat evolved 
t in a reaction is lost by the system and so is given a negative sign. 

, The symbol ag in a thennjchemical equation signifies that the 
1 thermochemistry an opposite convention of signs in used* 
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substance is present with plenty of water, sufficient in fact to make the 
addition of any further quantity of it have no effect on the heat evolved. 
In this condition its heat of dilution is negligibly small. 

Reactions are frequently classified according to type for thermo- 
chemical purposes, and the heats of reaction are given different names 
according to the type to which they belong. Thus there are heats of 
combustion, heats of formation, heats of neutralisation, heats of 
dilution, heats of dissociation, heats of atomisation, heats of precipi- 
tation, etc. They are all, however (with the possible exception of heat 
of dilution) heats of reaction. 

92 • Heat ol Combustion. — The heat of combustion of a compound 
or element is the change of heat content when one gram-molecule is burned 
in oxygen at constant pressure. Thus 

C 22 H 22 O n + 120 2 = 12C0 S + 111/) ,* AH = - 1,360, 000 

This means that when one gram-molecule of cane-sugar is burnt in 
excess of oxygen, 1,360,000 gm. -calories of heat are given out. 

The heat of combustion is determined experimentally by means of 
Berthelot’s Bomb Calorimeter. The general form of this apparatus is 
shown in Fig. 56. 

The apparatus consists of a very strong vessel (Y) and cover, made of 
steel, nickelled on the outside, and coated on the inside with some non- 

j oxidisable material, such as gold, 

EC D platinum or enamel. The cover is 

_ j^ted. to the vessel by a piece of 
' J / metal screwed to the body of the 

£ \ bomb. Through the centre of the 

o j/ * cover is an inlet tube and valve, 

' | X through which oxygen can be passed. 

£ p There is a platinum wire W eon- 

Jl nected to a platinum cup C, and 

j another platinum wire which passes 

A j through an insulating washer in the 

jj me cover. The purpose of this is to 

Y 1Q 57 allow an electric current to be 

passed to stafrt the combustion. 

If the substance to be burnt is a solid, it is compressed into a cylinder; 
if a liquid, it is placed in the platinum capsule (C). The material is 
placed on the platinum support, and above it the two platinum wires 
W are joined by a thin spiral of iron wire. The bomb is closed and 
oxygen introduced through the inlet tube*until there is a pressure of 
about 25 atmospheres inside. The screw valve^is then tightened, and 
the bomb is immersed in water placed in a calorimeter. The tempera- 
ture of the water is taken, and then jbhe combustion is started. The 
temperature is then read every minute, and the results plotted. A 
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curve like that shown in Pig, 57 is obtained. By extrapolating, the 
maximum temperature attained during the combustion is obtained. 
The lower portion represents the variation of temperature of the calori- 
meter and contents with time before the reaction begins. When the 
reaction starts, the curve rises rapidly. CD represents the cooling with 
time. To obtain the maximum temperature actually reached during 
the reaction, draw a perpendicular through X, the mid-point of the 
rising portion, and produce CD backwards to cut it at E. The tempera- 
ture T corresponding to this point E is the temperature required. For 
the calculation it is necessary to know the water equivalents of all the 
instruments used. 1 These have to be determined previously by 
immersing the instrument in water at a known temperature, and noting 
the decrease in temperature. The heat due to the combustion of the 
iron wire must be subtracted from the final result, 

93. Heat of Formation. Intrinsic Energies— The heat of formation 
is defined as the change in heat content when one gram-molecule of a 
substance is formed from its elements at constant pressure. 

It is usually difficult to obtain the heat of formation of a compound 
directly, except where it is an oxide, and then the heat of formation 
coincides with the heat of combustion. Thus, it is not possible to make 
sodium hydroxide directly from its elements. In cases of this kind it is 
necessary to derive the heat of formation from the heats of other 
reactions, making use of Hess’s Law {§ 94), 

The heat of formation of a compound is an important constant for 
that compound. As will be seen later, it decides the stability of the 
molecule. The heat of formation will also give us information as to the 
amount of energy contained in a molecule. Thus, the heat of formation 
of methane is about - 17,900 gm.-cals. This Ineans that 

C + 2H 2 = CH* ; AH = - 17,900. 

Since, by the law of conservation of energy, the energy liberated in the 
form of heat cannot have come from nowhere, the elements carbon and 
hydrogen, from which the methane was made, must have altogether 
17,900 gm.-cals. more energy than the methane molecule. The methane, 
itself must have 17,900 gm.-cals. leas energy than the elements from 
which it was made. This amount of energy associated with a compound 
is called its relative intrinsic eri&rgy. It is equal to the heat of fonpation 
of the compound with its sign changed. Since we are not yet fully 
acquainted with the intrinsic energies of elements, they are all placed 
arbitrarily at zero. We know this cannot be correct; it is highly unlikely 
the energy content of all atoms should be the same. But our 
: ; fatorl€«Ige of the vaity of Ihis intrinsic energy is not certain, so at the ^ : 
it is necessary for us to base our practical definition 09 the 

. 1 The water equivalent is the mass of water which would require the same 
quantity of heat to mis© its temperature through 1° C, as is required by the instru- 
ments (oalcirimeter^isermoinet-er, etc.) for this purpose. 
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older vi^w that all elements have the same intrinsic energy, and this is 
placed arbitrarily at zero. The subject will be further discussed 
later (§ 100). 

This convention makes it very easy to calculate heats of formation, 
etc. Thus, we see that the intrinsic energy of a compound is its heat of 
formation with the sign reversed. The intrinsic energy of 1 gm. -molecule 
of methane is 17,900 gm.-cals. The point to remember is that the sum 
of the energies on both sides of a thermochemical equation must be 
the same, in order to satisfy the law of conservation of energy. 

# An example of the use of this conception in the calculation of heats 
of formation may be given. From the heats of formation of carbon 
dioxide from carbon and from carbon monoxide respectively it is 
required to calculate the heat of formation of carbon monoxide. 

C + 0 2 * C0 2 ; AH - - 94,030 . . (1) 

CO + |O a == C0 2 ; AH = - 67,300 . . (2) 

The equation for the heat of formation of CO is 

C + !0 2 = C0 + z, .... (3) 

where x is the heat of formation. 

From equation (1) the intrinsic energy of carbon dioxide is 94,030 
cals. From equation (3) that of CO is - x. Writing the values of the 
intrinsic energies in equation (2), we have 

- x - 0 == - 94,030 - 67,300. 

Hence, x = - 26,730 cals. 

94. Hess’s Law of Heat Summation. — If a chemical change can he 
made to take place in two or more different ways, then the amount of heat 
absorbed or evolved in the total change is the same no matter by which 
method the change is carried out. This Law, which is merely a consequence 
of the First Law of Thermodynamics (Law of Conservation of Energy), 
was first stated by Hess in 1840, If the law were not true it would be 
possible to obtain energy without a corresponding expenditure of work, 
for suppose that, by taking the path AcB from A to B, a certain amount 


of heat is gives out, whereas by going via AdB aft the same temperature 
the amount of heat evolved is less than before. Then, by going via 
AcB , and returning via BdA, the amojint of heat given out in the first 
minus that given out in the second would be available for external work. 
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The Law has been tested experimentally and found to be true. A 
good example is to calculate the beat of formation of a dilute solution of 
ammonium chloride from ammonia and hydrogen chloride. This can 
be done in two ways:- — 

(!) Prepare solid ammonium chloride from ammonia and hydrogen 
chloride. Then dissolve it in excess of water. 

(2) Prepare a solution of ammonia and one of hydrogen chloride in 
equivalent amounts and mix the two. The amounts of heat evolved 
in these changes are given in the following equations; — * 


I. 


IL 


NH S +HC1 
NH 4 Cl+aq 
\NH 3 + HOI + aq 
NH.+ aq 
HOI + aq 
HCiaq + NB 3 aq 
*. NH| ~f“ HOI “f" aq 


NH*G1; AH = - 
NH 4 01aq; AH - 
NH 4 01aq; AH « 
NH^aq; AH « ■ 
HOlaq; AH - - 
NH 4 Claq; AH - 
NH 4 01aq; AH = 


■ 42,100. 

+ 3,900. 

- 38,200. 
8,400. 
17,300. 

- 12,300. 

- 38,000. ^ 


It is seen that the amount of heat evolved in the two methods is the 
same, within the limits of experimental error. 

Hess’s Law is of great practical importance, since it enables the heat 
of reaction to be calculated in cases where it cannot be measured 
directly. Thermochemlcal equations may be added or subtracted. 
Indeed., they may be regarded just as algebraical equations. In thermo- 
chemical calculations it is of the utmost importance to make certain of 
the sign of the heat (+ or - ). :■■■ v; ; >.:■ 

95. Exothermic and Endothemiic Compounds. — Compounds winch 
are formed with evolution of heat are called exothermic compounds . 
Those formed with absorption of heat are called endothermic. This fact 
about a compound is of very great importance, since it enables us to 
predict its stability. An endothermic compound will contain more 
energy than the substances from which it was made. If a compound is^ 
formed with absorption of heat, it follows from Le Ohatelier’s theorem** 
(§ 149) that it will be g$abfe at high temperatures. It will require high 
temperature for its formatioif, since the absorption of heat tends to 
annul the constraint put on the system. Endothermic compounds are 
therefore not stable at low temperatures. They can be kept indefinitely at 
such temperatures by freezing the equilibrium (§ 198), but not otherwise. 

Exothermic compounds will be stable at ordinary temperatures, but 
unstable at high temperatures, for a similar reason. * 

Among endothermic compounds are to be found the oxides of 
nitrogen, hydrogen iodide, ethylene, acetylene, ozone and hydrogen 
peroxide. These are all substances which are formed from their elements 
in appreciable qilfentities only at high temperatures, , • 

* * 
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96. Heat of Neutralisation. — The heat of neutralisation of an acid 
by a base is defined as file amount of heat evolved when one gram-equivalent 
of the acid is neutralised by a base . 

For strong acids and bases the value obtained is constant, and equal 
to about 13,700 gm.-cals (see Table LXXXVI). 

The reason for the constancy of the heat of neutralisation of a strong 
acid by a strong base is that the reaction is always merely the combina- 
tion of hydrogen ions and hydroxyl ions to form undissociated water. 
Thus, when sodium hydroxide solution, of which the solute consists 
entirely of sodium ions and hydroxyl ions, is mixed with hydrochloric 
acid also consisting entirely of hydrogen ions and chloride ions and 
water, it forms sodium chloride, which can be regarded as completely 
ionised, and water. The reaction is therefore effectively the combination 
of hydrogen and hydroxyl ions. 

Na+ + OH- + H+ + Cl- = Na+ + Cl” + H 2 0 

oh- + h+ = h 2 o. 


Table XXVII.— Heats of Fokmation 


Substance. 

Heat of Formation* gm-cals. 

Hydrogen chloride (gas) 

- 22,000 

Hydrogen bromide (gas) 

- 8,440 

Hydrogen iodide (gas) . . . 

6,400 

Hydrogen fluoride (gas) . . . . 

- 38,500 

Carbon dioxide (gas) . . . . 

- 94,030 

Ammonia (gas) . . . . , 

- 11,000 

Nitrous oxide (gas) . . , 

17,000 

Nitric oxide (gas) . 

21,600 

Nitrogen trioxide (gas) . 

22,200 

JSTitrogen dioxide (gas) „ . . . 

3,000 

Nitrogen pentoxide (solid) . 

30,000 

Hydrogen sulphide (gas) . . . * 

- 5,200 

Ozono/gas) # / . . , 

34,000 

Hydrogen peroxide (liq.) . . . 

23,000 

Water (liq.) . * . . . 

- 68,380 


97. * Determmation of the Heat of Neutralisa^on.~The calorimeter 
used for this work must, of course, be made of glass. It may consist of 
two beakers separated from each other by cloth, or some other lagging 
material, or, better, it may be a vacuum flask. The latter makes a very 
efficient calorimeter. 
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Iii all calorimetric work It is necessary first of all to determine the 
water equivalent of the calorimeter and stirrer and thermometer. This 
is done by heating some water to the boiling point in a test-tube, taking 
its temperature, and then pouring it quickly into the calorimeter which 
has inside it the stirrer and thermometer to be used in the experiment. 
The temperature of the calorimeter may he taken as being the tempera- 
ture of the room at the commencement of the determination. The 
temperature of the hot water in the calorimeter is taken every half 
minute, and the results plotted. A curve of the form shown in Fig.*57 
will be obtained. If a vacuum flask is used the portion CD will be very 
nearly horizontal, and this may be taken as the temperature attained 
by the flask. Otherwise it will be necessary to extrapolate the portion 
CD back to the temperature axis. This point will be the temperature 
which the calorimeter would have reached had there been no loss of 
heat due to radiation and conduction. 

The water equivalent of the calorimeter is its mass multiplied by its 
specific heat, and is represented by W. Then, if t x was the temperature 
of the calorimeter before the hot water was added, t 2 its temperature 
afterwards, l 3 the temperature of the boiling water, and m the mass of 
the hot water, then the heat given out by the boiling water is m(t 3 - t 2 ) 
gm.-cals, That taken in by the calorimeter is W(t 2 - t x ) gm.-cals. 
These two amounts of heat must be equal. 


This equation gives IT. To determine m } the water from the calorimeter 
is poured into a weighed flask and weighed. 

Take 50 c.e. of normal sodium hydroxide and note its temperature 
(f 4 ), and 50 c.c. of normal hydrochloric acid, and note its temperature 
{%). The tiro temperatures will usually be the same, but they need not 
be. Pour the two solutions into the calorimeter, and take the temperature 
every half minute, the liquid being stirred all the time. Plot a cooling 
curve and extrapolate' as before. If m x is the mass of the salt solution, 
and a its specific heat, and t 6 the final temperature, then the initial* 
temperature of the liquid was + £ s )/2, and the amount of heat given 
out must have been * * 


The value of m r s may be taken as 100, since the mass will be a little 
over 100 gms., and the specific heat a little less than 1. The error in 
doing this will be lesg than I per cent. The value obtained must be 
multiplied by 20 to give the amount of heat evolved when 1 gm.- 
moleeule of sodium hydroxide is neutralised by hydrochloric acid. 

Similar apparatus and methods are employed for the determination 
of other heats of%eaction. 
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98. Some Numerical Examples. — (1) From the heat of combustion 
of ethyl alcohol and acetic acid respectively 

C 2 H 5 OH + 30 2 = 2C0 2 + 3H 2 0; AH = - 327,000 (1) 

CH 3 COOH + 20 2 = 2CO s + 2H a O; AH = - 209,400 (2) 

calculate the heat of the reaction 

C 2 H 6 OH + 0 2 = CH3COOH + H 2 0 ... (3) 

This can be obtained merely by subtracting (2) from (1). We have 
C 2 H 6 OH + 0 2 - CH3COOH = H 2 0; AH = - 117,600 
C 2 H b OH + O a = CH3COOH + H 2 0; AH - - 117,600 

The heat of the reaction is — 117,600 gm.-cals. 

(2) Calculate the heat of formation of cane sugar from the data 

C 12 H 22 O u 4- 120 2 = 12C0 2 + 11H 2 0; AH == - 1,360,000, 

AH = - 94,030, 


c + o. 

2H 2 + 0 2 = 2H 2 0; AH == - 136,640. 

Let x be the heat of formation. Then - x is the intrinsic energy. 
Substituting intrinsic energies in the first equation, 

- a; + 0 = 12 (94,030) + 11 (68,320) - 1,360,000, 

= 1,128,360 + 751,520 - 1,360,000, 

+/:/. = 519,880 

The heat offormation is — 519,880 gm.-cals. 

(3) Find the heat of formation of sodium hydroxide from the following 
data: — 

Na + aq = NaOHaq + |H 2 ; AH = - 98,000 (1) 

H 2 + |0 2 = H 2 0; AH = - 68,320 ... (2) 

NaOH + aq — NaOHaq; AH = - 13,300 . . (3) 

In equation (1) aq on the left-hafid side includes the H 2 0 used up. The 
heat of the reaction 

Na + H 2 0 = NaOH + |H 2 is first required. 

Rewriting (1), „ 

Na + H 2 0 + aq = NaOHaq + £H 2 ; AH = - 98,000. 
Instead of NaOHaq we may write from (3), NaOH + aq; AH = 13,300 
Na + H 2 0 + aq = NaOH + aq + |H 2 ; AH = - 84,700 
Na + H 2 0 = NaOH + §H 2 ; AH = - 84,700 . (4) 

Let the heat offormation of NaOH be x. Its intrinsic energy = - x. 
Then substituting in (4) v 

0 + 68,320 = - x - 84,700. 

~,x — - 153,3)20 gm.-cals. 

The herd offormation is - 153,020 gm.-cals. ~~ 
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09, Correction of Hiermochamieal Bata for Constant Pressure. — 
All heats of formation and combustion are obtained for a system at 
constant volume. To find the heat evolved at constant pressure, a 
correction must be applied. At constant volume the reaction performs 
no external work. If, however, the reaction takes place at constant 
pressure, and this causes an increase in volume of v, then external work 
is done to the extent of pv. Tills amount must be added to the heat 
evolved, at constant volume to obtain that at constant pressure. For 
liquids and solids the amount of the correction is small, since they 
undergo little expansion on heating under constant pressure; but for 
gases it may be considerable, and must he calculated for each individual 
case from the data given. 

100. Heats of Atomisation.— Modern research in thermochemistry 
centres round the determination of the heat evolved in the rupture or 
formation of the various possible linkages, such as the covalent link 
(§ 74), and the semi polar double bond (§ 75). We have previously taken 
the intrinsic energies of the elements as zero. This assignment of zero 
energies is purely arbitrary, and is used because w r e are normally 
interested in the changes in energy that take place in a reaction. The 
energies of the elements do not change in the reaction, and hence they 
need not be taken into account. They are therefore placed arbitrarily 
at zero, though this is obviously not correct. Carbon in the form of 
diamond is a complicated structure of atoms joined together by certain 
bonds. When carbon dioxide is formed out of it, all these bonds have 
to be broken, and energy will be required for this. Similarly, the oxygen 
molecule has to be broken down to its atoms before it will combine with 
carbon to form carbon dioxide. Here again links have to be broken, 
and it is highly unlikely that the links between the oxygen atoms will 
have the same energy content as those between the carbon atoms in the 
diamond. Hence, it would be untrue to say that the intrinsic energies 
of these two elements are the same and can be placed arbitrarily at zero. 

To discover the energy associated with the links which hold atoms 
together in molecules it is necessary to find the heat of atomisation, 
of the elements. Where the element is a diatomic one, all that has to 
be done is to determine its heat of dissociation into atoms. This heat 
can be determined in several Vays; though most of them, and* parti- 
cularly those which are generally applicable, depend upon a study of 
spectra, the theory of which we cannot consider here. Suffice it to say 
that these values have been determined and are collected together in 
Table XXVIII. 

101. Heats of Formation of Linkages. — Kmowingf the following 
heats of combustion 

C + 0 2 = CO*; AH = - 94,030 
* H 2 +i0 3 = H^; AH = - 68,320, . 

G* 
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bhers, it is possible to calculate the heat of formation 
substances from their elements, since .■ their heats of 
nown. But this ordinary heat of formation from the 
re may call H /, does not include the heat of atomisation 
The heat of formation of the compound from its 
5 will therefore be given by H f + the heats of atomisa- 


Table XXVIII —Heats of Atomisation of Elements 
(Figures are given in kg.-cals. per gm.-atom) 


Heat of Atomisation. 


Hydrogen 

Oxygen 

Nitrogen 

Carbon 

Fluorine 

Chlorine 

Bromine 


Iodine 


Sulphur 


Rhombic 


Thus, for methane, the heat of combustion is — 212*7 kg.-cals. 
Hence, its heat of formation is 

H/ = 212*7 - (94-03 X 1) - (68*32 X 2) 

= - 17*9. 

To obtain the atomic heat of formation pE ai we must subtract the heats 
of atomisation of one C and four H = 124*3 -f (4 X 51*7) == 331*1. 
Hence, U a = - 349*0 kg.-cals. 

Now consider ethane, C 2 H 6 . Its heat of combustion is ~ 368*3 
kg.-cals. Hence, 

= 368*3 - (94*03 X 2) ~ (68:32 X 3) 

= - 24*72 

H„ = ~ 24*72 - (2 X 224*3) - (6 X 51*7) 

, „ - = - 583*52 kg.-cals. ^ : 
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From these two observations it is possible to calculate the heat of 
rupture of the C — H and the C— 0 links. We must assume that the 
heat of rupture is the same in both compounds. 

Let x be the heat of rupture of the C— H link, and y that of the 
0— C link. Then, since methane contains four 0— H linkages, presumably 
all the same, 4x = 349-0 and x = 87-2 kg.-cals. 

Now in ethane we have six C — H linkages, and one C — C linkage. 
Hence, 6 x-\-y — 583-52 and y = 60-3 kg.-cals. 


Table XXIX. — Heats of Fobmation of Links 
(In kilogram-calories.) 


Substances, 


Heat. 


Heat, 


Isothiocyanates 

Alkyl chlorides 

Alkyl bromides. 

Alkyl iodides 

N 2 gas 

Ammonia 

Alkylamines 

0 2 gas 

H 2 0 gas 

Alcohols 

S 2 gas 

H 2 S 

Mercaptans 
HgSe ■ * ■ 

H 2 Te 


H — H 103-4 Hg gas 

C — C 00*0 Diamond 

KJai — ■ Cal 00*3 Paraffins 

Cal — Car 70*40 .Aromatic 

Car — Car 07*17 Aromatic 

O — C 123 01efin.es 

CeC 161 Acetylenes 

Cal — H 37-4 Paraffins 

Car — H 101*73 Aromatic 

C ■ — N 48*6 Alkylamines 

C = N 125*3 Isocyanates 

CeK 183*0 Cyanogen 

C « N 187*5 Acetonitrile 

C ee N 183 Isocyanides 

C — O 76*5 Ethers 

C — O 79*5 Acetals 

0*0 160 Aldehydes 

C « O 167 Ketones 

C»0 182 Esters I — I 36*2 I 2 gm 

C«*0 131*3 : Carbon dioxide F — H 147*5 HF 

CsO 235*5 ■ Carbon monoxide Cl — H 102-7 HC1 

C — S 62 Alkyl sulphides Br — H 87*3 HBr 

C — S 54*5 Thiocyanates I— H 71*4 HI 

C ~8 128*8 Carbon bisulphide K — F 68*8 NF 3 

M — Cl 69 Cl — Cl — F 86*4 GIF 

N — O 64-2 Methyl nitrite Cl — Br 52*7 CIBr 

€1 — 0 49-3 a 2 0 Cl — I 51*0 ia 

125 Nitons #xid© Br — I 42*9 XBr 


1 Cal and Car stand for a carbon atom in an aliphatic and an aromatic compound 

respectively. '. : V. ■/ ■ A : 

These values can be tested independently of a knowledge of heats of 
atomisation by considering the homologous paraffin series. If the 
energy associated witt|the linkages is the same in all the^araffins, then 
the heat of combustion, and the heat of formation from the elements : 
H/„ and the heat of formation from the constituent atoms, will all differ 
by the same amount on passing from one member to the rest. This is 
found to be the cfee* . , * ; ; 'il 
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The heat of rupture of these linkages can be determined by other 
methods, mainly spectroscopic, which give results in good agreement 
with those obtained from the thermochemical data. 

When we treat other linkages in this way, and try to verify our 
conclusions by considering homologous series, the results are not so 
fortunate as with hydrocarbons. Thus, if we take the series of ketones, 
we find that the increase in the heat of formation for addition of CH 2 
varies as the series is ascended. Hence, the value of the energy of the 
liitk must increase as the series is ascended. At present there is no 
satisfactory explanation of this, though several have been advanced. 
The heats of formation of various linkages are given in Table XXIX. 

102. Application o! Thennochemical Data to Structural Problems. — 
The fact that the heats of formation of links depend upon the nature of 
the link (single, double, or triple bond, for instance) makes it possible 
to use thermochemical data for the elucidation of structure in some cases. 
For example, the structural formula of ozone in which the oxygen 


the heat of formation calculated for this structure is - 75*6 kg. -cal., 
whereas the observed value is - 34-5 kg. -cal. 

Heats of formation and combustion have also been useful in the study 
of the stability of organic ring compounds. 

103. Kirchoff 5 s Relationships —These give the relation between the 
heat of a reaction and temperature. A process is carried out in which 
reactants in state A at temperature T 1 are converted into products in 
state B at temperature T z . It is assumed that all operations are carried 
out at constant pressure. 

The reaction may be carried out in two ways. The reaction may be 
carried out at temperature T x and the products brought to tempera- 
ture T 2 > Alternatively the reactants may he brought to temperature 
T 2 and the reaction carried out at this temperature. According to 
Hess’s law the heat change should be the same whichever method 
is chosen. 

If the reaction is carried out at temperature T v the heat of reaction 
is the heat of reaction from A to B at T v symbolised by A H v The 
products must be heated from T 1 to T 2 if ti he heat capacity of the 

system at constant pressure in the state BfeC^ then the heat absorbed 
in going from A (2 1 *} to B ( T 2 } is 
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If the temperature were raised first to T % and the change from A to B 
carried out at this temperature, the heat absorbed is, 

CJ&T)+ AH 2 (2) 

where A H 2 is the heat of the reaction at temperature 5P 2 . By 
law (1) and (2) are equal, so 

AH, + CJ AT) = A E z + CJ AT) 


A H t - A H 1 
AT 


where AC P represents the change in heat capacity between the products 
and the reactants. If AT is small the equation may be written as a 

differential 


If the process is carried out at constant volume, then the relationships 

All 2 - AU 1 __ /y p 

~~AT " ~ • 

and 


m. - ^ 


can be obtained in a similar fashion. 

The relationships (3), (4), (5), and (6) are called KirchofFs relation- 
ships. It is important to note that in the derivation of the relationships 

(3) and (5) the heat capacities are assumed to be independent of 
temperature. This assumption does not apply to the derivation of 

(4) and (6) which, being in differential form, do not refer to a 

temperature range, , ' ■ : . : 
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104 The Second Law o! Thermodynamics —It will be recalled that 
first law of thermodynamics states that in a particular process the 
energy difference between the final and the initial states is equal to the 
heat absorbed by the system less the work done by the system. It 
gives no information as to whether any particular change will take 
place spontaneously. The second law of thermodynamics can be used 
to predict the direction of a spontaneous chemical change under a 
given set of conditions. To facilitate discussion of this law various 
processes will first be considered. 

Planck has divided all processes into three classes, natural, unnatural, 
and reversible. 

Natural processes are all such as actually occur in nature. They 
always tend towards equilibrium. A system is in equilibrium when its 
properties do not change with time. Unnatural processes are those 
which move in a direction away from equilibrium, and they do not 
occur in nature. Reversible processes constitute a limiting case between 
natural and unnatural processes. Reversible processes, also, do not 
occur in nature. In a reversible process the system is always in equili- 
brium so that an infinitesimal increase in the tendency opposing the 
process will cause its reversal. Reversible processes must take place in 
infinitesimal steps. They can be defined generally as processes which 
can be performed in either of opposite directions, so that all changes 
occurring in any part of the direct process are exactly reversed in the 
corresponding portions of the reverse process. A reversible process is a 
continuous sequence of equilibrium states. 

An example will make the idea clearer. Consider a system consisting 
of a liguid and its vapour at temperature T. Assume that the pressure 
in the system is P, and the vapour pressure of the liquid is p. Evapora- 
tion is taken as the process under investigation. If p is greater than P 
then the evaporation is a natural process and will take place. If p is 
less than P the process is unnatural and will not take place; the contrary 
process, condensation, is now the natural process. If p is equal to P 
then both condensation of the vapour and evaporation of the liquid 
are reversible processes. By an infinitesimal increase or decrease of P 
each process can be made to take place iti turn. 

Mathematically the situation can be summed up >y saying that if 
■ * 1S4 
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P = p - 8 (8 > 0) then evaporation is a natural process. In f the limit 
8 0 the process becomes reversible; 

Consideration must be given to the question of spontaneous change, 
that is, the type of change involved in natural processes. If a gas in a 
compartment is separated from a vacuum by a wall, and a, valve 
between the two compartments is opened, the gas will expand through 
the valve into the vacuum and the process will continue until equili- 
brium is established, i.e., until the pressure throughout the system is 
uniform. Then again, if the two compartments contain different ga§es 
and the valve is opened, the different gases will diffuse until each is 
distributed uniformly throughout the other. Again, if one end of a bar 
is heated and the bar is then insulated, heat will be conducted to the 
unheated portion of the bar until it is all at the same temperature. All 
these processes are spontaneous. Further, they do not reverse them- 
selves. Thus, the pressure distribution through a gas at equilibrium 
In a compartment remains uniform. Regions of differing pressure do not 
build themselves up. This may be generalised to the statement that 
spontaneous processes are irreversible, and this statement really 
constitutes the second law of thermodynamics. The second law has 
been stated in very many ways. We may state it here as follows: It is 
impossible to construct a machine functioning in cycles which can convert 
heed completely into the equivalent amount of work without producing 
changes elsewhere . This can be simplified to the statement that heat 
cannot be completely converted into work at one temperature. Another 
way of stating the second law is that heat cannot of itself, without the 
intervention of an external agency, pass f rom a colder to a hotter body . 

105* Cyclic Processes. — A cycle is a process in which a system 
returns to Its original state after a succession of changes. The change 
in internal energy brought about in a cycle is obviously zero. It 
follows that the heat supplied to the system less the heat given out 
during the process is equal to the work done in the cycle (all quantities 
being expressed, of course, in the same units). For a process in which 
heat is supplied and work is done the efficiency of the process may be® 
W 

defined as E = — wh^re W is the work done by the system and Q is 

Q * 

the heat supplied; the efficiency shows the fraction of the heat supplied, 
that is utilised as work. 

Two theorems can be proved from the second law of thermodynamics 
concerning a cyclical process functioning between two temperatures 
T % and T z . * « 

The first of these states that the efficiency of a system working in a 
reversible cycle between the temperatures T x and T z depends only on 
these temperatures. The proof4s as follows: 

Assume that there are two processes a and /? in which a system -can. , 
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work in a reversible cycle between two temperatures T x and T 2 , 
j8 be the more efficient process. Then 


At temperature T t in process j3 the system takes in heat Q v does 
work, W$, and cools to temperature T 2 , where it gives up heat 
The cycle a is operated in an analogous manner, taking in heat Q t , doing 
work W a) and giving up heat Q a2 . Assume the processes to be coupled 
so that j8 operates from T x to T 2 and a backwards from T 2 to T v Then 
the coupled process involves the system in the following changes: 

j8 : (1) takes up heat Q x at T x ; (2) does work W& cooling to T 2 ; 
(3) gives up heat Q$ 2 at T 2 . 

a : (1) takes up heat Q a2 at T 2 ; (2) has work W a done on it, heating 
the system to T x ; (3) gives up heat Q x at T v 
Applying the first law of thermodynamics, 


Hence Wp -j- Q$ 2 = W a $ a2 

Because fi was assumed to be more efficient than a 


Henqp W$ > Wa. It follows from equation (1) above that Q& 2 < Q*& 
i.e. , Q a2 - Q $ 2 > 0 so that at T 2 heat has been taken in by the system. 
Now the work done during the cycle is - W a > 0; that is, the 
system has done work. At the higher temperature the system has taken 
in and given up the same amount of heat ($i). Hence, all the heat taken 
in at the lower temperature has been converted into work without other 
changes taking place. Thus, the process violates the second law and is 
therefore impossible. Now this process depended on the assumption 
that E$ > E a , so this must be untrue. It can be shown similarly that 
T£ a cannot be greater than Hence E a = E$. 

The second theorem states that no cyclic process can be more 
efficient than a reversible one; it can be proved in a similar manner. 

As Shown above, the efficiency of systems working in reversible 
cycles depends only on the temperatures between which the cycle is 
working. Hence, to calculate the efficiency of any reversible cycle it is 
only necessary to consider one particular reversible cycle, and the one 
chosen for the purpose is that called the Carnot cycle. 

106. Efficiency of a Reversible Cycle.' — The uarnot cycle consists 
of four operations which are carried out on a system which is made up 
of one mole of an ideal gas. The gas is ♦enclosed in a cylinder which is 
fitted with a weightless frictionless piston. All the operations in the 
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cycle are carried out reversibly. It is assumed that the system can be 
arranged so that some changes are carried out at constant temperature 
and these are known as isothermal changes. For other changes the 
system can be isolated in such a way that no heat can either enter or 
leave it, and these are known as adiabatic changes. Fig. 59 shows the 
pressure-volume changes during the cycle. 


Volume 


Fig, 59. — The Camot Qycle. 


Summary of the Cycle . 
Volume change. Operation. 

(!) F x to F 2 . Adiabatic Compression. 

(2) F 2 to Fa* Isothermal Expansion, 

(3) F 3 to F 4 , Adiabatic Expansion. 

(4) . F 4 to F x . Isothermal Compression, 


Temperature. ■ 
Rises from T % to 
Steady at T x . 

Falls from T x to T 2 < 
Steady at m 


The system is put through four reversible operations: It is com- 
pressed adiabatically from F x to V 2 and the temperature rises from 
Y 2 to T t ; this is because work is being done on the system. 

It is next expanded iso thermally from F 2 to V 3 and then expanded 
adiabatically to V 4 during which the temperature drops to T v Finally^ 
it is compressed iso thermally to V v 
Consider first the two adiabatic changes. As no heat is supplied 
from the surroundings the work done causes an equivalent changS in the 
internal energy of the system. In the first stage the temperature of the 
system rises from T 2 to T v Hence the work done on the system is 
C V (T% - 7\), where C* is the molal heat capacity of the gas at constant 
volume. The work done Ry the system in the other adiabatic stag© is 
Gv{T 1 ~ T 2 ). Thus, Sfche work done by the gas in one r adiabatic stage 
cancels out the work done on the gas in the other adiabatic stage. 

Consider now the isothermal expansion and compression. If a gas 
expands by a volume dV .against a pressure P the work done.by the gas 
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*d V. Vixen the expansion is from V 2 to F 3 the work done is, 
PdF. If the Carnot system contains one mole of an ideal gas 


For an isothermal expansion at temperature 


for P in the integral gives the work done as 


the substitution of 


Corresponding to this work, heat Q x is taken in to keep the temperature 
constant. During the second isothermal stage the gas gives out heat 

F 

- Q t while work RT 2 log* ~~ is done on the system. Over the whole 

V 4 

cycle, an amount of heat Q x is taken in and - Q 2 is given out (the 
negative sign denotes that heat is lost by the system). The heat taken 
in by the system is therefore Q x - ( — Q 2 ) = Qi + Q% and this is equal 
to the work done, W , by the system during the cycle. W is also equal 
to the net work done in the isothermal stages, i.e. 


For afti adiabatic change it ean be shown that 1 


where y is the ratio of the specific heats of the gas at constant pressure 

Q 

and at constant volume; y = • 


We may therefore substitute 


in equation (2) above: 
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" " . : ' § : 

and this is the efficiency of a process operating in a reversible cycle 

between temperature and T z . 

The expression can also be written 


Qi + Qz 

Qi 


The result of this is that even in a reversible cycle (the most efficient 
type) not all the heat that goes into the cycle reappears as work. Some 
of it is lost as heat given out at the lower temperature. * 

Only if the lower temperature is absolute zero is all the heat taken in 
by the cycle utilised as work. In other words the second law limits the 
efficiency of heat engines. The absolute scale of temperature is based 
on this equation for the efficiency of a reversible cycle. 


107. Entropy.— The equation — may be used to 

Vi 1 

define three thermodynamic functions. As 


Qi + Q% 
Qi 


Consider any reversible cycle and divide it into a number of Camot 
cycles (see Fig, 60). Starting at A and going through all the cycles 
successively from A to B, it can be shown that all paths inside the 
figure cancel each other leaving only the zig-zag outer path. This zig- 
zag path approximates to the path ABA of the reversible cycle, and by 
making each Camot cycle smaller and increasing their number it can 
be made to correspond mcfjce closely to ABA. The reversible cycle can, 
therefore, be regarded as befng made up of an infinite number of 
Carnot’s cycles. Now for each Carnot cycle the relation 

2% == 0 holds; 

T 

so for an infinite number e£ Camot cycles # 

‘ cfe-o 

J T , 

( © Represente the integral around the cyclic path ABA.) 
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If the cyefe is divided into two sections, then 


a is the integral A to B along path a and /? is similarly defined, 


Therefore a 


Volume 
Fig. 60. 

The continuous lines indicate that the system is brought from A to B by path 
a and back from B to A by path The dotted lines show the division of the 
cycle into a number of small Carnot cycles. 


Both these integrals are therefore independent of the path taken from 
A to B. Both depend on the value of some function at A and the same 
function at B. Let this function he given the r symbol 8, then 


8 is a function known as entropy. Like U and H it is dependent only 
on the state of the system. That is, as stated above, 

A $ = 8 B - S A * 


*■ 






ENTROPY 


in any change from B to A whether the change is reversible or not, but 


only applies when the change is a reversible one. 

Q 

The change of entropy in a process is 17 — if the process is reversible; 

hence this expression may be used to calculate entropy changes for 
reversible processes. For example in the fusion of solids the change in 
JT . 

entropy is given by — ~ ; where A H f is the heat of fusion and T is 

the melting point. Entropy is measured in entropy units which are 
calories per degree. Thus the change in entropy on the evaporation of 
1 mole of water at !00°0. is the latent heat of evaporation of 1 mole 
of water (9,650 cals, per mole) divided by the absolute temperature 
373°K. Therefore the change in entropy is 

~ 25-7 cah/mole deg. 


In calculating the entropy change involved in the isothermal 
expansion of an ideal gas from V 1 to V 2 , use can be made of the fact 
that the heat absorbed is equal to the work done; hence 


A „ Q 1 * JTr ST, V 2 
= R log e fr , 

*i 

In the case of a non-isothermal change carried out at 

pressure 

f rp 

m- '§■ 

J Tt A 

Here 1\ and T 2 reprdfeent th^ initial and final temperatures. The heat 
absorbed dQ = C P dT, where G P is the molal heat capacity at constant 
pressure, ' 
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However* G P does depend on temperature, and in order to evaluate the 
integral an empirical formula to express the relationship between C P 
and T> or a graphical method is used. The latter is applied by writing 


C p d (log, T), plotting G p as a function of log, T and 


evaluating the area enclosed by the curve between T 1 and T 2 . In a 
nop-isothermal change at constant volume, C v replaces 0 P in the above 
expressions. 

It should be noted that the expression A® 


Cpd (log, T) applies 


to all systems and not only to those composed of ideal gases. The 
equations given may be applied to determine the difference in entropy 
of any substance at temperature T and at absolute zero. It is necessary 
to know the specific heats over the range of temperatures considered, 
the heat absorbed in any phase changes and the temperatures at which 
these changes occur. For example, to obtain the entropy difference 
between a substance in the gaseous phase at T° and the substance at 
O °K the following equation would be used 


The integral from 0 to T m represents the increase in entropy of the 
substance in the solid state while the temperature is being raised from 
0 to T m (the melting point); the integral from T m to T h the increase 
in entropy from T m to T b (the boiling point) and the integral from 
T b to T is the increase from T b to T where T is the temperature at 
which the value of the entropy is required. S 0 is the entropy at zero, 
L m the latent heat of fusion and L b the latent heat of evaporation. 
This equation assumes boiling and meltiif^ to be the only phase changes. 
The various integrals are evaluated graphically and the expressions 
L m /T m and L b ]T b allow for the isothermal changes in entropy which 
occur at the phase changes of boiling and melting. C P over the range 
of temperatures involved, the temperatures of the phase changes and 
the heat increases or decreases involved in these phase changes can 
all be determined experimentally. r 

The expression given for S — S 0 evaluates the entropy difference 
between 0°K and any required tempefature. But it does not deter- 
mine the absolute entropy 8 of a substance since the fern 8 0 remains: 



^ v-:" .' h.:C 

thk is an undetermined constant which is the entropy of the substance 

at Nernst kiTOMidering how changes in the heat content and a function 
called the Gibb's free energy (8 109) of a 

ture was led to advance what is called the ISemst Heat theorem. 
This’ states that the change in entropy for a reaction involving crystal- 
hne Solids at absolute zero is zero. The Nenist heat theorem was 
developed into the Third Law of Thermodynamics. This may bo 
stated as follows: “Every substance Ms a finite positive 
the absolute zero of temperature the entropy may become zero and does 

in the case of a perfect crystalline solid.” 

TheTnstant of integration -S, given in the previous expression 
can now be stated to he zero using the third law of thermodynamics. 
Therefore the expression given to evaluate S - S. ^ ^he 

the absolute entropy of a substance because S 0 = 0 assuming the 
substance a perfect crystal at 0 K. A 'knowledge .of ’ e W 


(The asterisk is used to denote irreversible changes.) 
This means that 


rtion of a cycle is irreversible and the other reversible the 
whole will be irreversible and the inequality 


MUM 
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for an irreversible change does not give the 


change in entropy but is equal to a quantity less than it. 

When the system takes in heat, dQ, from its surroundings at T, the 
surroundings lose heat dQ at T reversibly, which is taken up by the 
system irreversibly. Then the decrease in the entropy of the sur- 


If the heat is taken in irreversibly by the 


roundings is given by 


system in going from state A to R then as has been seen 


■is the decrease in entropy of the surroundings, so the system 


has gained more entropy than the surroundings have lost. Thus the 
irreversible process has been accompanied by an increase in the sum of 
the entropies of the surroundings and the system. As spontaneous 
processes are irreversible it has, therefore, been deduced that spon- 
taneous processes are accompanied by an increase in the entropy of 
the system and surroundings. This is a very important deduction from 
the second law of thermodynamics. In fact Clausius has used this 
conception to state the second law as “The total amount of entropy 
in Nature is increasing”. 

109. The Free Energy Functions. — Up to this point three thermo- 
dynamic functions have been defined. It is now necessary to introduce 
‘two more functions: The Helmholtz free energy (F) and the Gibbs 
free energy (0), These are particular case% of a work function A and 
are defined by the relations: • 

. U - TS&ndG^H f. TS. 

The significance of these functions will now be explained. The 
efficiency of any reversible process working in a cycle between tem- 


peratures T x and jP 2 is E 


Assume a reversible isothermal cyclS BODE is described. Because 
re cycle is isothermal T x = and therefore W = Ct, The work done 
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In going from B to D by C is equal to the work done in going D to B 
by E, As the paths have been chosen arbitarily, the relation is indepen- 
dent of the path chosen. It follows that a work function A can now he 
defined. This is a function of the state of the system only. The value of 
A in a particular state is a measure of the work obtainable from the 
system in that state. The function A is such that when the system goes 
from state 1 to state 2 In an isothermal reversible manner the maximum 
work the system can do is given by the decrease in A, that is by 
(A 2 - Aj) = - A A, (A negative sign is used because when workis 
clone by the system the capacity of the system for work, i.e., A , 
decreases). The Helmholtz and Gibbs free energies are particular cases 
of the work function A. 

If the isothermal reversible change is carried out at constant volume 
there is no mechanical work done against pressure. That is the whole 
decrease in A is available for work other than mechanical work; e.g,, 
the work may be electrical. In such a case the symbol F is used for the 
work function and F must be so defined that the decrease in F, ~ AF, 
measures the maximum work a system may do in an isothermal 
reversible change at constant volume. 

If a change is carried out at constant pressure, P, it will in general 
have been accompanied by a volume change A V and hence the system 
will have done mechanical work P AF. So the work, other than 
mechanical is - AF - PAF and - A G = ~ (A F + PAF). It is 
important to stress that F and G like U II and S are functions of the 
states of the system only. In any change A F and AG depend only 
the initial and final states: but the work (other than mechanical work) 
done is AF only if the change is an isothermal reversible one carried 
out at constant volume, and is A G only if the change is a revemble 
isothermal one carried at constant pressure, 

F and G can now be expressed in terms of other functions. We start 
with the equation: A U --- Q - W. For a reversible isothermal change 

AS == Q =t TAS. At constant volume TF = - A F and hence 

AU = TAS ~f AF or /^F = AU - TAS. Hence F « 17' - 

For a reversible isothermal change at constant pressure 
JF = - AG + PAF 
hence AU = TAS -f AG - PA F 

or 

hence 


AG = AG + PAF - TAS 
A^G^AH - 
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functions of the state of the system and depend only on the initial and 
final states of the system. 

Starting with the equation 

Q = U + PV ~ TS and differentiating 
dG = dU+PdV + VdP - TdS - SdT. 

But dJJ = dQ - PdV, and for a reversible change 

dQ = TdS 

/t dG = FdP - at constant pressure 

= - SdT . 

Consider a system in state 1; then 

d(? x = - and in the state 2 

d# 2 = - SdT, 

Subtracting dG x from dG 2 leads to 

d{G 2 - G ± ) = - (S 2 - S x )dT and writing 
G 2 - G x == AG and S 2 - S 1 = AS gives 
d{AG) = - A SdT 
/S(Aff)\ _ 


Utilising the fact that A S is equal to 


the relation- 


ship* AO - AH - T AS can be written AG - AH = T[ J 

This relationship is known as the Gibbs-Helmholtz equation. 

110. Maxwell’s Relationships. — From a consideration of the 
definitions given to the various thermodynamic functions a number of 
important relationships can be deduced. 

Starting with F = U — TS and differentiating 
dF^dU - TdS - SdT 

but dU = dQ - PdV; and in an isothermal reversible 

change dQ = TdS; so • 

dU = TdS - PdV , and substituting this expression 
for dU in the expression for dF, gives 

dF « TdS - PdV - TdS - SdT. 

I dF= - PdV - SdT. 

At constant temperature 

^ ~ Pand at constant volume == - S 
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Similar treatment of the expression 

dll — TdS - PdV gives the relationship 
fhT\ f&P\ 

\TrJs = ~ \ss)v • • ' 

while treatment of the equation 
dH = TdS + VdP 



gives 


(P 


JPJS 
and the equation dO 

f sr\ 

WJP = “ 


(S) 


gives 


P 

VdP - SdT 
U 

fPjT 


These four relationships (1), (2), (3) and (4) between the partial 
derivatives are known as Maxwell’s thermodynamic relationships. 

111. Clapeyxon-Clausius Equation. — This equation concerns -the 
evaporation of a liquid, or the fusion of a solid. In the former process a 
system undergoing the change consists of one component and two 
phases; hence by the phase rule (see Chapter XI) there is only *one 

degree of freedom. 

The Maxwell relationship 


/SP\ = /SS\ 
\S TJV \SVJT 


is applied to the system. Because the 


system has only one degree of freedom we can replace 
/SP\ . dfi * 

\BT/V by dT' : ,;y 

(that is P depends on the temperature only and not on volume). 

(jf)r can repl t“ d h ? t' 

# l ® 

The change in entropy on evaporation is — where l is the latent heat 

? 

of evaporation and fT f the bdiling point. The change in volume is 
V - V v V bein^fth© volume of vapour and V 1 the volume of liquid. 



If the boiling point of the pure solvent is T, and that of the solution 
i -f- oi when the atmospheric pressure is P t , then 

P x is the vapour pressure of the solution at T + ST and is also the 
vapo\jr pressure of the solvent at T, and 
P 2 is the vapour pressure of the solvent at T % - f ST. 

P 2 may be calculated from the Clapeyron-Clausius equation, since 
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\A VJT T{V - VJ' 

this gives — = 1 

fe dT T{V - Vj)’ 

which is the Clapeyron-Clausius equation. 

If the volume of liquid is neglected compared with that of the 
vapour, 

dT 

which can now be readily integrated, if it is supposed that l does not 
vary with temperature. This is only true over small temperature 
ranges. 

The gas law states F = ^1? 


. 7 _ RTf dP 
MP ' dT’ 

where M is the molecular weight. If Ml = L, the molecular latent heat 
we have ’ 

£ = — dT _ R dP 

P ' dT’° T T*~~ L' P’ 


where P x and P 2 are the vapour pressures at T 1 and T z . 

Throughout the above, it has been assumed that the vapour acts as £ 
perfect gas. 

Elevation of Boiling PoirU.— The Clapeyron-Clausius equation may be 
used to obtain the molecular elevation from the latent heat. If there is 
an elevation ST when w gms. of a solute are dissolved in 100 gms. of 
solvent, and. Jf is the molecular weight of the solute, the molecular 
elevation, Jc s is given by the equation 
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B T{T -f ST) 

when ST is very small. 

RT % ' 

Pi\ _ Pt ~ El the remainder of the 


since 


* where n = number of molecules of 

"When the difference between P 2 and 

EkZ^- 1 may be taken to be 


r “ nr* 

, BThuM' 

“ lOOAfE ' 

Jf RThoM' Ml'M* 
w' IOOjMX ' L 100 


Hence, 


Putting E 


0 - 022' 2 


Deprmion of the Freezing Point. -k similar calculation gives the 
expression ^ 

& = ^ 

for the molecular depression of the freezing point, where l is now the 

lat ^. he ^SSum.— While a system is in eqailitewm the OTly f 
chamres it can undergo are reversible ones. This is because g 
J«S5v at eauilibrium it cann& undergo a natural process; nor can 
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move away from equilibrium for that would be an unnatural process; 
hence the only process possible is a reversible one. On the basis of 
thermodynamics we can write down the criteria for reversible processes, 
and these then give the conditions for equilibrium. In this treatment 
it is assumed that the only type of work that can be done by the 
system is the type involved in changing the volume, that is mechanical 
work. 

For an adiabatic change Q = 0. (Q is the heat taken in by the 
system.) If the change is reversible dS = so for a reversible adiabatic 
change dS = 0. 

In any process dU = Q - W. Therefore in an adiabatic process 
dU = - W- At constant volume W = 0 so dU = 0. 

At constant pressure W = PdV and dU = - PdV and hence 
dU + PdV = 0, that is dH = 0, 

For isothermal processes dT = 0. For a reversible process dS = § 

and so Q = TdS. Hence dU = TdS - W. At constant volume "TF = 0 
so dU - TdS — 0. That is dF = 0. At constant pressure W = PdV 
mdU^TdS - PdV; that isdU - TdS + PdV = 0, so dG = 0. 

The conditions for reversibility may now be summed up. Adiabatic 
changes Q = 0 d$ = 0. 

At constant volume, dS = 0 } d¥ = 0, dU = 0; 
at constant pressure, dS = 0 s dP = 0, dH = 0. 

Isothermal changes, dT = 0. 

At constant volume, dT = 0, dF = 0, dF = 0; 
at constant pressure, dT = 0 , dP = 0, dG = 0. 

Therefore, if a reversible change takes place at constant volume and 
constant internal energy the entropy is constant; at constant pressure 
and constant entropy the heat content is constant; at constant tempera- 
ture and volume the Helmholtz free energy is constant and at constant 
temperature and pressure the Gibbs free energy is constant. 

As we explained at the beginning of this section these are also 
conditions for equilibrium. However, the terms dS = 0, dH = 0, 
dF = 0 and dG = 0 can mean that the functions, S, H, F and G are 
either a maximum or a minimum. As" shown in a previous paragraph 
entropy in spontaneous processes tends to increase; therefore, the state 
of maximum entropy corresponds to a state of stable equilibrium, and 
minimum entropy to a state of unstable equilibrium. 

It can also be shown that for H, O and F the state of stable equili- 
brium is the s%te of minimum, value of these functions. Thus, summing 
ttt# conditions for stable equilibrium are: 

T and P constant, G is a minimum : * 

T and F constant, F is a minimum; * 
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U and V constant, 8 ia a nmximum. 

This means that a process taking place at constant temperature and 
pressure will proceed until the system reaches a state of minimum 0 . 

In other words natural processes take place with decrease of G. The 
decrease in free energy accompanying a chemical reaction is sometimes 
called the affinity of the reaction. Similarly natural processes take 
place with increase of entropy. 

113* Law of Mass Action Thermodynamically*— The law of Mass 
Action {see | 106} can be deduced thermodynamically by using tie 
so-called van’t Hoff equilibrium box. 

The “equilibrium box” is a theoretical device by which the reaction 

A+B^O+D 

can be mad© to take place by a series of reversible operations. It is 
supposed to have one wall permeable to A, another to B, another to C 

and another to D, 

It is supposed* for the sake of simplicity, that the reactants and 
product* are perfect gases. Let p a and p b be the initial pressures of A 
and B. The equilibrium pressures are P A , P B) P c and P D . The final 
pramres of C and 3> are p c and p d . 

The reversible operations are: 

(!) Alter the pressure on A from the initial to the equilibrium 
pressure. The work done by the gas is 

f vdp-=*MTlog e £~. 

7 * Pa a 

(2) Do the same with B, the work done by the gas being 

*Pb 

vdp = ET log e — . 

J Pb 

(3) Introduce 1 gm. molecule of the gas A and I gm. molecule of the 

gm B ' through their respective semi-permeable walls into the equili- * • ■ 

, brium box. The four gases A, B, C and D are already present in the 
box as an equMibrium*mifture at their equilibrium partial pressures 
P A , P B , Pc Pj>* The introduction of A and B will not involve any 
work being done as the partial pressures of A and B inside the box are 
equal to the pressures of the gases entering the box A and B now react 
to produce I gm. molecule of 0 and D. It is assumed that the volume 
r of the box is so large that £hese operations cause no appreciable change 
in the composition of reactants within the box. Z ' ■ 

|4) One gm. molecule of 0 and D are now removed from the box .. ; 

^through their respective wails. The pressures of C and D are not 
changed during this lemoval so # no work is done. 


/ 



- AG=BT log, K„ - BT log, . . . 

TMb is generally known as the van’t Hoff isotherm. As an example 
of the use of a the van’t Hoff isotherm, the affinity of hydrogen for 
iodine when they combine to give hydrogen iodide may be calculated. 

H 2 I 2 2HI. 

According to Bodenstein, at 443° C. , K = 50-62. 1 
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(5) They are reduced to the final pressures. The work done by the 
gases in this process is, by C, 

.P 0 

! vdp = BTlo g.^5, 

J Pc 

J Pc 

and by D, BT log, 

Pd 

The change in free energy is equal to the total work which has been 
performed by the gases; hence 

Pn . P D 


- - BT log, ^ + BT log, | *-+BT log, 


P 


° ~f BT log. 


Pa 


- AG = BT log, Ms _ rt log, M; 

r A P B PaPb 

The change in free energy depends only on the initial and final 
states. That is - AG is not affected by the partial pressure in the 
equilibrium box. Hence the first term of the right-hand side must be a 

constant at any given temperature, that is RT log, is constant; 


therefore 


PaPb 

: constant K v , the equilibrium constant. 


Here the equilibrium constant is expressed in terms of partial 
pressures. The deduction can also be carried out in terms of concen- 
• C C 

tration and this will give ~~ (all at equilibrium) =± K c . 
a':;' ^a^B i :: 

we start with each reactant at a partial pressure of one atmosphere 
and end with each product at partial pressure of one atmosphere then 
the second term in the right-hand side of the A G equation will disappear 

; - Ag ^RTiog e K^ 

This quantity is known as the standard free energy change usually 
symbolised by AG°. A /.;--' J 

The treatment can be generalised te a # reaction of the type 
N i A h+ + ..■** N\A{ + Nl&l + ... and 

- AG-~ 
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Hence, * 

- AG = RT logg K = 2 X 716 X 2-303 X log 10 50-62 = 5,619 gra.-cals. 

Since there is no change in pressure as a result of the reaction, the 
second term, of the isotherm disappears. 

At 500° G, K = 41, lienee 

- A© - ST log, A = 2 X 773 X 2*303 log 10 41 = 5,760 gm.-eals. 

114, The van’i Hoff Isochore. — The Gibbs-Helmholtz equation 

gives; 

A a __ A rr _ 


Rearrangement of this leads to; 


Dividing by T 2 gives 


gives the right-hand side of the equation; 


If this is applied to a free energy change which involves only £he 
standard free energy change, A G may be replaced by A G° which in 
turn may be replaced by - RT log, K P giving 

AH_Rd(hg 0 K P ) 


that is — log # K 9 = where A H is the heat of reaction absorbed 

at constant pressure. This relation is known as the van’t Hoff isoeffore. 

In applying the van’t Hoff isochore to any particular case, it is 
.necessary to integrate the expression, which cannot be used as it stands. 
The problem, then, is to integrate the equation 

w A-ff * 

f df ** RT%' 

that it is indepen^nt of temperature over a small range.' Practically, : 
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tlm is fiot quite true, but sufficiently nearly 
to be made, and the result applied -with fair , 
We have then 


The equilibrium constant of this reaction j s 0-0017 at 2 

and 1 atmosphere. At 111 0 C. the equilibrium constant is 0-204 
C ^ lr ® d *° < f 3 ® ulafce heat of dissociation per gram-molecule ' 

the! “° l08 "“ h "“ to *'"> b *» >«■ 


Kpi 2-303 B \ T t T s ) 

Kp 2 = 0-0017, T t = 27 -f 273 = 300° Abs 
K Pl = 0-204, ^ = 111 + 273 = 384° Abs.' 

« ** 1*987 gm.-cals. per degree 

,.log 10 » = -AH/ 84 X 

0-204 4-576 \300~X~384y 

— + 13,100 gm.-cals. 

Wfc?’ the h ? at abs ° rbed P® gram-molecule is 13,100 gm -cals A 

further example is given in Chapter X. (§202). ’ A 

In order to carry out the integration of flip von’f - T 

• a< 

nrevionslv «^ona .Law. — it has been said 

LereMMe ™ »! I f I ?' 1 states tb&t spontaneous processes axe 
coSmtt di rf tMs iWas Ported out that gases in a 

random . are moving » a completed 

moving at the same time^r** 6 tba }. lf ad the § as molecules started 
bution of the moW-L w t same Erection 'that the uniform distri- 

in the box in which the <tensitv t 5iat iS ' tliere conld be a region 

of molecules in rest of the box. iTth^ W the “ y 

wim type or process (a. spontaneous 


; ■■■ ■ . : -c:; 
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process) the uniform distribution of molecules in the box lias been 
reversed and the second law violated; but it is obvious that the 
probability against such a reversal taking place is enormous. It would 
Involve a large number of independent molecules all starting to move 
in the same direction at the same time. It c-an lie seen that though 
the second law can be broken, the probability against it being broken is 
very large. The movement of the molecules is disordered and the 
probability of ordered movement is very small. Equilibrium is a state of 
maximum disorder. Equilibrium is also the state of maximum entropy. 
Entropy can therefore be associated with the disorder of a state. 

Consider a large number of molecules making up a mass of gas which 
has definite bulk properties, such as pressure and volume, there are very 
many arrangements of the molecules that can give the required bulk 
properties. The molecules can differ enormously in their behaviour and 
still give the bulk properties of the state. Each arrangement of the 
velocities and positions of the molecules which gives the required bulk 
properties Is called a micro-state. The number of micro-states 
associated with a particular bulk state is defined as the thermodynamic 
probability, W, of that state. It is postulated that all micro-states are 
equally probable. In attaining equilibrium a system moves to the state 
of maximum probability. 

A relationship between entropy and thermodynamic probability can 
be derived by considering a system consisting of two masses of gas 
separated by a partition. The entropy of one of the masses is S x and 
the probability is W t ; and the entropy and probability of the other«are 
S t and W t . If the partition is removed, the entropy of the complete 
system 1, 2 is S t -f* while the probability is W x W z . Any relationship 
between entropy and probability must be such that while the entropy 
is additive the probability must be multiplicative. A relation of this 
type: S = Constant log* W -f constant, will satisfy the required condi- 
tion. Planck postulated that the second constant is zero and that the 
relation is S = k log* IF. It can be shown that k is the gas constant per 
M 

molecule, 1 ~ where N is the Avogadro number. This equation is the * 

basis of statistical therrdodynai^pcs. 

The thermodynamic probability relates to the number of ways in 
winch molecules can be distributed with respect to energy. According 
to the classical theory energy was continuous and a molecule could 
have any energy; in quantum theory only certain values of the energy 
are allowed. There is one distribution of molecules amo^g the allowed 
energies that is more # probab!e than any other distribution. When 
dealing with a very large number of molecules the probability of any 
distribution other th|n the mqpt probable becomes very small; the 

1 h is called the Bdlmaa Constant. 
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molecules may then be regarded as being distributed according to the 
most probable distribution. The most probable distribution calculated 

by classical mechanics is N £ = N 0 e~~^ kT where N t is the number of 
molecules in the ith energy level, E* being the energy of molecules in 
that level; N 0 is the number of molecules in the lowest level and T the 
temperature of the system. This distribution is known as the Maxwell 
Eoltzman distribution. The Maxwell-Boltzman distribution is derived 
on a number of assumptions which are not valid in quantum theory. 
However, the distributions derived on the basis of quantum mechanics 
differ appreciably from the classical distribution only at low tempera- 
tures and high pressures; the classical distribution may be used in 
problems which do not involve these conditions. 

jy e -E# T 

It can be shown also that N { = — where N is the total 

Q 

number of molecules in a system and Q = 27e~‘ E * / * T * Q is called the 

/ 

partition function. All the thermodynamic functions can be expressed 
as functions of Q and hence the evaluation of Q makes it possible to 
calculate such quantities as G, S, V and F. For $ the calculation is 
based on the postulate S = k log e W and entropies calculated in this 
way agree in most eases with those evaluated on the basis of the third 
law of thermodynamics; such discrepancies as do occur can be explained, 
but the explanations introduce conceptions too advanced for this book. 

The calculation of Q is usually carried out on the assumption that 
the various types of energy 1 (e.g., rotational, translational, and vibra- 
tional) do not interact and can be treated separately; the energy j# 
wiitten E* = E r -{■ E$ -f- E v ~f- E n -f* E e where E r is the rotations! 
energy of the molecule, E f the translational energy, E„ the vibrational 
energy, E„ the nuclear spin energy (see § 65} and E e the electrode 
energy. 

The partition function Q can then be written 

rr _ E r -f Eg -f 4- 


The partition function is the product of the individual partition 
functions for each form of energy. Statistical mechanics only gives the 
distribution *f the particles among allowed energy levels. The levels 
are calculated by the methods of quantum mechanics. 

Hie calculation of the translational partition, of a gas molecule in a 
rectangular box may be taken as a example. For such a molecule the 
1 §e® (f 123}. ■ * 







TRANSLATIONAL PARTITION 


(t + t + r l\ 


potential energy V — 0. Substituting this value in the* general 
Schroedinger equation gives the wave equation. 

vaT + 8 ! ^ 5 y_„ 

The solution of this equation shows that the energy levels available 
for the gas molecules are quantised and are equal to 
A* _ 

8m V« 2 + 

where a, b and c are the dimensions of the rectangular box, which 
contains the molecule, m is the mass of the molecule and p, q and r are 
quantum numbers. 

Considering the movement of the moleeule in one direction, say the 
x direction along the a dimension, then 

» _ * V . 

Lx 8rm 2 ’ 

so the transitional partition function for the x direction is 
Q x = ^ e -b 2 P 2 l8mo^kT 

The translational energy levels are very close together so the sum can 
be replaced by an integral; 

, f” -p*h*i8ma*kT 

Q t = e dp 


The evaluation of this integral gives Q t = 


(2nmkT)ia 


Similar results are obtained for the other two dimensions, y aAd z. 


Qt = 


(2mmkT)labc 

p 

(2 irmkT)W 
A® 



CHAPTER VII 


116 , The Kinetic Theory ol Gases, and its Assumptions.— There is no 
clear dividing line between the solid and liquid state, or between the 
liquid and gaseous state. It is difficult to say where the one state ends 
and the other begins. Assuming that matter is made up of molecules, it 
is possible to say that in a gas the molecules have much greater freedom 
of motion than in either the solid or liquid state. They can move about 
much more easily, and can traverse greater distances without coming 
into collision with other molecules. This must be the case because of the 
pressure- volume relationships of a gas. When the pressure on a gas is 
doubled, the volume of the gas is reduced to one-half its previous value. 
Since this is possible, there must be a great deal of empty space in a gas. 
When the pressure on a liquid is doubled there is hardly any effect on the 
volume, and the same applies to a solid. In these states, then, the 
molecules must be much closer together than in a gas. As mentioned 
above, it cannot he too strongly emphasised that the three states of 
matter are continuous. 

A gas may be defined as a substance which remains homogeneous, and 
of which the volume increases without limit, when the pressure on it is 
continuously reduced, the temperature being maintained constant. 

The propert ies of a gas can be studied theoretically by making use of 
the kinetic theory of gases. In using this theory it must be remembered 
that certain assumptions are made which cannot be regarded as strictly 
correct. Hie theory was put forward before the structure of matter was 
understood, hut nevertheless it has been extremely useful in explaining 
the properties of gases, raid giving quantitative expressions of their 
- behaviour. 

The kinetic theory assumes that a gas is made up of particles; these 
correspond to the molecules of the atomic thfeory. The particles are 
movfiig in a random fashion having neither directional preference nor 
the same velocities. The theory further assumes that the molecules?. 
»are solid, spherical and perfectly elastic; this is principally to make the| 
\ mathematical calculations tractable. 

According tp the theory, the pressure exerted by a gas is due to the 
bombardment* of the walls of the containing v^psel by the molecules. 

I Whenever a collision with the walls takes place a certain amount of 
momentum is given up to the walls, a^jd this change of momentum, of 
coarse, is associated with a force. Obviously, the collisions between 
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and between the molecules and the walfe will be 
greater in number when the volume Is decreased, for then there is less 
room for motion. Thus, the pressure is increased. The average dietaries > 
'traversed bg a molecule between one collision and the next is mlhd the 
? ^mmn free poll”. , 

Heat m ft form of energy, and when a gas is heated energy is imparted 
to it, It has been shown by studying the Brownian movement In gases 
(see Colloids, Chapter XVII.) that the mean kinetic energy of the 
molecules of a perfect gas (§118) depends only on the temperature, aijd 
not on the nature of the gas. This is of importance in studying the 
effect of temperature on pressure and volume of a gas. 

With the aid of the assumptions made above, which must always be 
borne in mind, a number of laws governing the behaviour of gases can 
be derived. 

117* Boyle’s Law. — In order to carry out any calculations it is 
necessary first to realise that in a gas there is a great number of mole- 
cules, moving about with random motion, and with widely, varying 
velocities. It would, of course, be impossible to work with conditions 
of this kind, so it is necessary to take an average value for th© velocity. 
The ordinary average is not taken, but the molecules are given a velocity 
«, which, if they all possessed it, would make the value of the total 
kinetic energy, \mnu\ actually what it is. In this expression m is the 
mass of one molecule, and n the number of molecules. This velocity u> 
is such that its square is equal to the mean of the squares of all the 
velocities possessed by the molecules, and is called the root-mean-square 
vrfocity, * ■ 

Even now, we have to contend with the fact that the actual direction 
of motion of each molecule is not known; but use can be mad© of the 
fact that every velocity can be resolved into three velocities at right 
angles, governed by the relationship, 

n 2 = u x % + ti y 2 -j- u z \ 

where u x , u V9 u z , are the three components, parallel respectively to the 

x, $ and z axe® (Fig. 61). 
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' Smw f tmmdtr a cube {Pig. 62 } of side I, containing n molecules, each 
l&J&ftttr M> 

Consider one molecule In the cube. It has a root mean square velocity 
u, which can lx? resolved into thre e components mutually at right angles, 
and parallel to the edges of the cube, u m n m u £ . Consider the velocity u z * 
The molecule may be supposed to be moving towards the right-hand 
wall It powcsscs momentum mu x when it reaches it, and since it is 
perfectly elastic, and the walls of the vessel are supposed to bo so too, it 
r^kmnds with velocity-— ^ and momentum - mu 9 . 

The change in momentum is 2mu x , This occurs y times per second. 

§ 

H mm the change in momentum for this particular component Is 

2mm m A , 

per teeond. 

Considering now the u v component, we have, as before, the change of 
momentum per second =■ 

Similarly for the u g component. Hence the total change of momentum 
per second for all three components is 

2m% m % 5 2miq, 8 2mu z 2 2mu 2 


and, sine© force is measured by rat© of change of momentum, this is 
equal, to the total force over the surface of the cube. 

Wmw, force per unit area, tie. , the pressure exerted by each molecule 
is given by 

2mu 2 


For the total » molecules contained in the cube, the pressure is 
* 2mnu t 1 mmi 2 


If 9 m the volume of the cube, v *= J* and 


, P™» temperature, all the quantities on the right-hand side of 

this equation are constant. Hence pv — constant. 

His k Bc>y!e*» Law, which has been proved theoretically, by mating 
tto &isi4inptio|p of the kinetic theory. Boyle’s Law, however, is not 
Mowed perfectly by any gas. .Since the theory indicates that it should 
I# few, it far obvbu? that^ something is wrong with the theory. This 
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118. Charles's or Gay-Lame's Law— It has been proved experi- 
entally that the mean kinetic energy of the molecules of all gases is 
e tamo at the same temperature. This conclusion is also reached 
eoretically. Since no particular temperature need be specified, it 
Hows that the rate of change of tho kinetic energy with temperature 
the same for all gases. Expressed mathematically, 


Equation (1) may bo written 

pv == f ji(fm?x 2 ), 

which on differentiation with respect to T gives 
d(pv) _2 > fd(lmu*)\ , 2 


Substituting from equation (2), we have 

d(pv) w , , 2.. . s dn 

-M_i = n X const. + - (I »«*) 

If n k constant with respect to T — and thin is true except for gmsm of 
which tho molecular complexity varies with temperature — 

d(pp) . 

dT 

In other words, the rate of change of the product of pressure and 
\ dtoh the absolute temperature is constant; or, if pressure Is 
y fist nt, tin : lie of change of volume with absolute temperatufe is 
, istant. This is Charles's Law, sometimes known as Gay-Lussac's 
Law. 

119, Avogadro’s Hypothesis. — We can write equation (1) in the f5rm 


2 (l mu 2 ) 

Hence, if for a number of samples of gases p, v and | mu 2 are constant, 
then n must be constant for them all. 

Thus Avogadrok Hypothesis, which states that equal yalmnes 

ft constant) of gases, updaa tho same conditions, of temperature (fmn 2 
constant} and ' pressure ' (p constant), contain the same number, of 
molecule*, has a , theoretical bask in the kinetic theory. Since the 
^mmmptkms of the kinetic theory are not strictly accurate, Avogadro’s 
Hypothesis is not strictly true. The method of employing it in the 
Atemmatien of molecular weights from gaseous densities will be' 
tKscus&ed later (§ 128 ). * • 

12®. Graham’s Law of Bhfeskm.— Graham found that a light gas 
wou)d diffuse through * porous diaphragm more rapidly than ajipayy 
gas, and also found the quantitative law governing the diffusion, which 
states that the rate of diffusion of a gas k inversely proporticmal to' the 

- ■ . .... . ■ ' ' 
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mfmrn root of its density. This law can b© shown to bo justified on the 

iisisoftiw^^ 

Wo e&H rewrite equation (1) in the form 


Mow* the density of a- gas 


The reason why the light gas diffuses more rapidly through a porous 
diaphragm than the heavy gas has nothing to do with the size of the 
molecules as such. The pore of the diaphragm is, in any ease, con- 
siderably larger in diameter than the largest molecule, and molecules, of 
whatever size, would find no difficulty in getting through. If the pore 
is n»,,gniied to the size of a railway tunnel, the large and small molecules 
might bo represented by a bird and a bee respectively. Neither would 
have difficulty in traversing the tunnel 
The diffusion of the molecules of a gas through a porous membrane 
will depend upon the velocity of tho molecules, and will bo directly 
I proportional to this. Hence, 


where k and k t are constants. This accounts for Graham's Law of 
Diffusion. 

121. Molecular Velocities. — Equation (3) can bo used directly for 
calculating the velocity of a molecule of any given gas. Of course, the 
value obtained will be the .root-mean-square velocity, and not necessarily 
the velocity of any particular particles. It is interesting to calculate 
some of the®© velocities in order to gain an idea of the rate at which 
mdtecnifes move in gaaes, ^ To do this, it must be remembered that if the 
velocities are to be found .in c.g.s.u., i.e u in cm. per sec., the pressure and 
density must also be expressed in c.g.s.u. 


76 X »!!£ X 981 dynmmt sq. 
« X 76 X 13-59 X 981 

« 1,838 m. persec. 
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List of Houculab Root Meah Squaeb Velocities 

AT N.T.P. 

Hydrogen .... 1,838 metres per sec. 

Oxygen . . . * V 460 „ „ 

Nitrogen 493 „ » 

Argon ..... 410 „ „ 

Water vapour .... 610 ,» „ 

Carbon dioxide .... 390 „■ ,» • 

Mercury vapour . 180 „ • „ 

1®, Tim Gas Constant. — In text-books on heat it is shown that by 
combination of the laws of Boyle and Charles, a general gas equation is 

arrived at of the form 


where t is a constant for the gas, and the other symbols have their usual 
significance; k, of course, will vary with the amount of gas considered. 
One gram-molecule of all gases under the same conditions of temperature 
and pressure occupies the same volume, so the value of k will be the 
same for all gases if, in every instance, on© gram-molecule of the gas. is 
considered. When this is done, k is replaced by M, and the general gas 
equation becomes 


E may now be calculated. The value of E will vary according to the 
system of 'units used. If p is expressed in atmospheres, and v in litfes, 
we obtain, as the calculation below shows, the value 04)8204 litre- 

atmospherespa*degree. ^ ,■ " 

p a* i atmos., v = 22*4 litres, T = 273° Ate. 

*\ JR » pw{T =» 22*4/273 = 0*08204 litre-atmos. per degree. 

If, however, p is expressed in dynes per sq. cm., and v in c.c,, we obtain 
the value 8-314 X 10 7 ergs per degree, or 8*314 joules per degree 1 for 
II. This is derived as follows:— 

p = 76 X 13*596 X 981 dynes per sq. cm., v = 22,414 c.c., 

* 273*16° Ate. 

R _ < T _ 76 X 13*596 X 981 X 22,414 • 

W ' 273*16 

= 8*314 X 10 7 ergs per degree 
= 8*314 joules per degree. 

1 Nat* on Unite.— -Th& dyne if the force which, acting on 1 gift., produces an 
§c«fef atibn of I cm. per seeder sec . The erg is the amount of work don© when a body, 
acted upon by a fore© of on© dyne, moves through a distance of I cm. in the 
dirwMon of the force. 0n§» jemk equals 10 7 ergs. The gram-calorie is the amount 
of beat required to raise tempeo-atuee of 1 gm. of water by 1° C. Determinations 
of the mmskmmmt equivalent of heat show that 1 gram-calorie is equivalent to . 
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Since 4*185 X 10 7 ergs = 1 gm.-calorie, R = 1*99 gm.-cals. per degree, 
or nearly 2 gm.-eals. per degree. The last is the value most frequently 
used in calculations. 

123. The Specific Heats of Gases. — The specific heat of a substance is 
the ratio of the amount of heat required to raise the temperature of 1 gm. of 
it through 1° C., to that required to raise the temperature of 1 gm. of water 
through the same temperature range . 

It is a well-known fact that a substance has two specific heats, one 
measured at constant pressure, and one at constant volume. For a 
solid or a liquid the difference between the two is usually negligible, 
since the effect of heat on the volume is small. But, in the case of a gas, 
the expansion which takes place on heating is large, and consequently 
the two values of the specific heat are widely different. It is our purpose 
to calculate the ratio of the two specific heats for gases. 

The kinetic energy of a gas molecule is proportional to its absolute 
temperature. From the equations 


and pv = i/3 mnu z , 

it is clear that the kinetic energy per gram-molecule of a gas (Imnu 2 ) is 

3/2 RT. 

Thus, when a gram-molecule of a gas is heated from a temperature T 
to a temperature T -f- 1, the increase in kinetic energy is 3/2 R = 
3 gm.-cals. 

Thus, the molecular heat of a gas at constant volume is 3 gm.-cals., 
the definition of molecular heat being the amount of heat required to raise 
the temperature of one gram-molecule of a substance through 1° <7. Note 
that this applies to any gas, and consequently the molecular heat of all 
gs©es at constant volume should be the same and equal to 3 gm.-cals. 

In the case of diatomic and polyatomic mole- 
cules there are many other modes of distributing Const. Pressure 

the energy besides simply as energy of transla- tj n — 

tion. Some of the energy may be used in causing | i — — 

rotation or vibration. Thus, in raising the tern-} j | 

perature of a gas of which the molecule is com-! b =^ * I N — 

plex through the same temperature range as- a! c §£f fc - Piston Forced 
simple gas, more energy will have to be'imparted, 
and the molecular heat of the gas at constant* Fiq ‘ 63 * 

volume will then be 3 + x gm.-cals., where x is an unknown increase] 
In the energy and varies from gas to gas. 1 

■If -the specific heat of a gas is measured at constant pressure instead of 
at constant volume, a different value will be found. Suppose 1 gm. of 
gas is heated from 0° C. to 1° 0., the volume bdjng kept constant. The 
amount of heat imparted is the specific heat Irf the gas at constant 
volume. The operation may be supposed to take' place in a vessel closed 
by ^piston, the piston being kept fixed (Fig. 63). r 


2m 



|(a) Rotation. (6) Vibration. 

t&tm of the specific fteats of the inert gases is 1*67. As the molecule 
becomes more complex, so the value of x increases. When weha ve a 
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If now, in this apparatus, there is 1 gm. of gas at 0° C., and it is 
heated to 1° C., the piston being free, the piston will be forced out 
against the pressure of the atmosphere. The amount of heat imparted 
is the specific heat of the gas at constant pressure. In this case, the gas 
has done a certain amount of external work. It has pushed out the 
piston. The energy required to do this must come from the heat 
imparted, as there is no other source. The heat taken up by the gas at 
constant pressure is used partly to raise the temperature of the gas, and 
partly to provide the energy for the external work done. Therefore, to 
raise the temperature of the gas through 1 ° C. at constant pressure 
more heat must be applied than to bring about the same increase in 
temperature at constant volume, because part of the heat is, in the first 
instance, used in the performance of external work. The amount of the 
work done and heat used may be calculated. 

Suppose we have a volume of gas v x and it expands to a volume t? 2 at 
constant pressure p. Consider a small volume change dv. The work don© 
will he pdv. The total work done over the whole volume change will be 
given by integrating pdv between the limits v x and v 2 . 

r** 

pdv = p(v 2 - v ± ) = pressure X change in volume. 

= E{T 2 - Tj) = E (for T 2 - T x = 1, and if we are 
dealing with 1 gm. mol. of the gas). 

= 2 gm.-cals. 

The molecular heat at constant pressure is therefore greater than that 
at constant volume by 2 gm.-cals. Hence, 

"0» - C 9) = E. 


The symbols for specific heats at constant pressure and constant voltyn© 
are G p and C m and for their ratio, y. 

If the molecular heat at constant volume is 3 -f x gm.-cals., that at 
constant pressure will be 5 + x gm.-cals., and the ratio of the specific 
heats will bo (5 + z)/(3 x)„ 

Thug 

y = @vl@v — (5 + x)j( 3 + x )- 
If X = 0, GJC m = 5/3 = 1*667. 

This result may be expected otily in the case of very simple molecules, 
and it is actually found for monatomic gases and vapours. Thus the 
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diatomic molecule, there is a possibility of a rotational and a vibrational 
motion, as well as direct translation. 

For most diatomie gases, it is found that x = 2, in which case, 
OJC m = 7/5 - 140. 

For triatomic gases, x = 3, and hence C P jC v = 8/6 == 1*33. 

The following table will indicate how closely the ratio of the specific 
heats approximates to one or other of these numbers. 

Table XXX.— Ratio of Specific Heats of Gases at 15° C. 
Helium . . ■ ; . .. * . . 1*666 

Argon , 1*67 

Hydrogen • . 1408 

Oxygen :> 1*396 

Nitrogen ...... 1405 

Air . 1403 

Carbon monoxide .... 1404 

Hydrogen chloride .... 1400 

Chlorine 1*355 

Carbon dioxide . ... . . . 1*302 

Nitrous oxide ..... 1*300 

Sulphur dioxide .... 1*285 

Sulphuretted hydrogen . . . 1*340 

Steam (100° C.) . . . . . 1*306 

Ammonia . . . . 1*310 

, Acetylene . . . . . 1*280 

Methane ...... 1*310 

Ethylene . . . . 1*250 

ft must be borne in mind that the explanation of the value of x in the 
above work is not yet definitely established. However, the usual 

explanation is based upon the principle of equipartition of energy, 
which was deduced by Maxwell and Boltzmann. According to this 
principle, the energy imparted to a gas will be equally distributed 
between every degree of freedom. A degree of freedom is every possible 
mode of motion of a molecule. 

Thus, in the case of a monatomic ga&, the only type of motion 
possible is motion in a straight line, of motion that can be made up of 
small motions in a straight line. This motion can, however, be represented 
by three components mutually at right angles. The system therefore 
has three degrees of freedom. The kinetic energy of a molecule is 
i ffiu 2 , and this can be resolved into the three components, connected by 
I mu 2 = | mu x % + \ | mu z \ 

Now, according to the theory of equipartition of energy, 
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because the total kinetic energy \ m n u 2 = § ET . * 

Every degree of freedom of this motion is therefore associated with an 
amount of energy = 1/2 ET per gram-molecule. The total energy is 
3/2 ET, and the corresponding molecular heat capacity, 3/2 E cals. 
Gases of all kinds have translatory motion, and therefore they all have 
energy 3/2 ET corresponding to this motion, as well as any extra due to 
other types. 

As has already been mentioned, a gas which has molecules made up of 
more than on© atom may possess vibrational energy, which is bc#h 
potential and kinetic. For a diatomic molecule thin motion can only 
exist in one direction, viz., along the axis of the molecule, and hence 
two degrees of freedom would be assigned to it, one for potential and 
one for kinetic energy. For a triatomic gas, such motion could, in , 
general, take place along three directions — the sides of the triangle 
formed by joining up the centres of the atoms. In this case, then, there 
jwrould be six vibrational degrees of freedom. 

Consider now rotational motion. Molecules will rotate about their ; 
\ centre of gravity as a result of collisions with other molecules. Sucti/ 
motion is described in a plane, and is resolvable into two components,, 
each of which would be assigned one degree of freedom. This assumes 
that the molecule is diatomic; or if polyatomic, the atoms must be 
arranged linearly. In the case of a triatomic gas where the atoms stand | 
at the comers of a triangle, it might be expected that three degrees of * 
freedom would result. 

For a diatomic gas, then, we have three degrees of freedom for transla- 
tion, two for rotation and two for vibration. If we assume the molecule 

5 

to be rigid, the last two are lost, and so the energy is now ~ ET, or the 

gas has a molecular heat capacity of 5 cals, per degree. This seems to be 
true for most diatomic gases, but it is possible, according to the theory, 
for a diatomic gas to possess seven degrees of freedom, and it would then 
have a molecular heat capacity of 7 cals, per degree. 

124. The Determination of the Ratio of the Specific Heats of Gases. — 
Obviously this could be carried out by measuring the specific heat at * 
constant pressure and nt constant volume, and calculating their ratio, 
but, in addition, there are somelndireet methods. 

Ill© direct determination of the specific heats of gases is a master of 
some difficulty, since the volume of a given mass of gas is so large. Large 
volumes of gas have to be used if good results are to be obtained. 

(a) Direct Determination of C v . — This can be carried out by a modifica- 
tion of the method of mixture applied to the ordinary determination of 
the specific heat of afSolid. The method, which was used by Regnault 
and others, consists|in passing a known volume of gas heated to a 
definite temperature through & calorimeter containing cold water, and 
measuring the afhount of heat liberated. 
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Fia. 64. — McCollum’s Apparatus for determining the Specific Heat of 
Nitrogen Tetroxide at Constant Pressure. 

into the warmer vessel, it tended, of course, to cool it. Additional current 
had to be passed through the heater to maintain the bath at constant 
temperature. The amount of this extra current was a measure of the 
heat absorbed by the gas. Let the mass of gas passing through the bath 
in I sec. be mgms. If the additional current flowing through the heater 
ml amperes, and its resistance is R ohms, then, in 1 see. the amount 

PR 

of heat given out by the heater is H = - — -f- calories. This is the 
6 . • 4*184 

amount of heat taken up by the mass of gas m, in raising its temperature 
from t° C. (the temperature of the thermostat} to t° C. (the tempera- 
ture of the bath). If O p is the specific heat of the gas at constant 
pressure,, 

# rt /, M PR e 

mC s (t, -t)= — i 
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lb) Direct Determination of C„.-This is a somewhat more difficult 
operation. Joly used his steam calorimeter for this purpose (Fig. 65). 
^instrument consists of two thin copper spheres supported from the 
ends of a balance beam, and surrounded by a chamber which can bo 
Sfcd with steam. Thetwo spheres should balance each other, and when 
steam is admitted into the chamber it will condense on the two spheres in 
equal amount, and hence they 

will still weigh the same. The s 

spheres are first evacuated, and I 

then one of them is filled with the A ft 

gas to be investigated, under j \ / \ 

pressure. The steam is admitted, ssr- 

and it is now found that a — — - 

different quantity of steam con- 
denses on the sphere containing ^ 

the gas from that condensing on 

the evacuated one. The differ- / \ / \ 

ence is found by adding weights. I j I 1 

The difference in the amount of V J \ J 

steam condensed is due to the 

different heat capacities of the ^ L-" / 

globes, and hence it is possible 

to obtain the specific heat of 1 — — — — — ' 

Fjc. 65.— The Joly Steam Calorimeter. 

tilt.' I.: 1 '- /. ■ ll 1 '" 

The method has been modified _ _ 

by Eueken for work at low temperatures, and its accuracy has been 

C ° 1 'lSe € exp 1 ffisSn r method, originated by Bunsen, and more recently 
modified by Pier, is rather interesting, and is capable of yielding iair y 

accurate results. The principle of the method is as follows: Agatha 

will explode with oxygen is admitted with the latter, and mixed with 
various indifferent gases, into a closed vessel. The mixture is exploded, 
and the maximum pressure reached is measured. From this the tem- 
perature to which the mixture has been heated can be calculated. 
Knowing the heat of the reaction (Chapter V.), and the heat capacity 
of the vessel, the heat capacity 6f the gas can be obtained. Pier ced a 
special form of manometer, involving the use of a very thin steel plate, 
with a high period of vibration. The plate was deformed by the pressure 
increase due to the explosion, and the deformation was measured photo- 
graphically, and compared with that producedby known pressures. ? 

S (c) Indirect Methods of Determining OJG v .—( 1) Dite Method of 
CUment and Desormfs (1819).— To understand this method it is 
necessary to be acquainted with the definition of an adiabatic change. 
An adiabatic change if one in wUch no heat is aUmved to escape fronhjfj 
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change must, then, alter. It is here that it differs from an isothermal 
change in which there is no alteration in temperature. 

In the Clement and Desormes’ method, a large vessel is filled with the 
gas under observation to a pressure a little above atmospheric. This 
pressure is measured by means of a manometer attached to the vessel. 
The vessel is then opened for a very short while, during which the gas 
inside attains atmospheric pressure, and, in so doing, expands and cools 
a little. When the vessel is closed, the gas begins to attain room 
temperature again, and so its pressure again increases. The increase is 
measured. 

In considering the theory of this experiment we may derive first the 
equation connecting the pressure and volume of a gas which undergoes 
adiabatic expansion. Consider one gram-molecule of a gas, and allow 
it to expand adiabatically from a volume F to F + dV, under constant 
pressure P. The work done is PdV. Suppose the temperature falls by 
dT, The amount of energy corresponding to the external work don© is, 
therefore, — C v dT t where C v is the molecular heat at constant volume. 
Hence PdV = - C v dT. 

But PV = RT, 


Considering a volume change from F x to V 2> the temperature falls from 
P, to Hence 


P X V j = RT 1 and P 2 F a - ET 2 , 
P x Fp = P 2 V 2 y = constant. 
r P^-yT^ = P 2 1 -yT 2 y =t= constant, 
the equations may be written # 

PVy = constant. I 

pi-Y^y consult. 1 

TYy- 1 = constant* # 



Taking logarithms of both sides of the equation, 
(I - y) log/^A =ylog fi (- 


Hence y can be determined by observations of the pressures P v P t md 
P. Ho determination of temperature is necessary. 

Lummer and Pringsheim (1898) improved the accuracy of this 
method by employing a very large vessel (90 litres capacity), and allow- 
ing the excess pressure to blow off through a large orifice. This made 
certain that the gas had actually reached atmospheric pressure. The 
temperature of the gas was determined immediately by means of a 
platinum resistance thermometer placed at the centre of the flask. 
Since the process is adiabatic, the formula to use is: — 


where T v P x are initial temperature and pressure, and jP 2 , P 2 £re the 
corresponding final conditions. 

(2) By Determining the Vebcity of Sound . — It was at first thought 
that the velocity, v } of sound in a gas was connected with its elasticity 
under isothermal compression, E, and its density, d, by- the expression 


Later it was found that the elasticity to be used was not that under 
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This may now be applied to the conditions obtaining in the Clement and 
Desomes’ experiment. Suppose the original pressure of the gas is P t> 
and atmospheric pressure is P. Let the final pressure be P 2 . Let T be 
the initial temperature, and t the decrease in temperature. Then, 
whilst the temperature of the gas rises from T - t to its pressure 
increases from P to P 2 . Hence 

P T - t 
P 2 


T 

From the adiabatic equation given above, 

; pi-y(T - t)Y 
i-y — A r 


P^-rfy : 




/ p p,> 

y ( l0g< F 2 + l0ge Py 

) « log, fi 1 , 

P, 


log,^ 

l°g. -Pi -log.P 

log, yr + l°g<> 

log. Pi - log, 1\ 


isothermal compression, but that under adiabatic compression, E a ; for 
when a sound wave passes through a gas there is no time for the heat to 



Fig. 66. — Luinmer and Pringsheim’s Modification of Clement and 
Desormes* Apparatus (diagrammatic). 

be dissipated before the next pulse follows, so that the whole process is 
adiabatic. The velocity of sound in a gas is therefore given by 

/I 

V d' 


Now, E a is related to E by the expression 

E a C, 

-E^m 

and E is identical with the pressure of the gas, p } so we have 
Ea 


■ py and 


°=j 


yp 

d* 


If now we have two gases of density d x and d % under the same pressuro, 
the velocity of sound in the gases being v x and v 2> respectively, and the 
ratio of the specific heats for the two gases y x and y 2 , we have 

lv& 


%- 


-V d„ 
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How, the velocity of a wave motion is connected with the wavelength 
A, and frequency n } by the expression v = nX. 

If symbols w$h the suffixes 1 and 2 refer to the two gases, for a note 
of the same frequency, n, 

v x = nX x 

v 2 nXy A 2 
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VELOCITY OF SOUND 


Hence. 


Two practical methods are possible. Either the actual velocity of 
sound m a gas may be found, or the wavelength of the note of a given 


To Chronometer 


Hammer 


Fig. 67. — Dixon’s Apparatus, 


frequency may be determined. Until comparatively recently it has not 
been possible to carry out the first experiment because with the older 
methods such large quantities of gas were required. However, in 1921, 
Dixon determined the velocity of sound in certain gases directly, and in 
some cases over a considerable range of temperature. He first showed 
that the velocity of sound was the same in coiled tubes as in straight 
ones. He then sent sound waves through gases in coiled tubes, £bout 
15 metres in length and 25 mm. in diameter. The sound wave was 
started by a hammer worked like an electric bell hammer, striking a steel 
diaphragm at the end of the tube. When the wave passed the platinum 
disc, a mark was made by a self-recording ehronometric apparatus, and 
a similar piece of apparatus marked its arrival at the other end. In this 
way the time taken for the wave to travel the length of the tube was 
found. After correcting for the fact that the velocity of sound in tubes 
is not quite the same as that in the open, the velocity was calculated. „ 
The value of y could then be found from the equation 


but Dixon used, instead of the density d of the gas, the expression 
for the density from the molecular weight of the gas given by Daniel 
Berthelot (§ 127), giving a! the final relationship f 


where if is the molecular weight of the gas, E the gas constants T the 
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absolute temperature of measurement, T e the critical temperature, and 
p e the critical pressure. 

The following results were obtained; — 

y 

Nitrogen .... 1408 

Carbon dioxide .... 1*296 

Methane 1*301 


n = nodes; a = antinodes; nn = A/2, 


The gas under test is placed in the dried sealed tube A, together with 
some lycopodium powder, or silica dust. The tube is clamped at its 
middle, and small dises of lead can be fixed to either end so that the 
tube may be made to vibrate. One end of the tube enters a wider, open 
tube, containing air and some lycopodium or silica dust. The sealed 
tube is stroked with a wet cloth, which sots it into vibration, and the air 
in the wider tube is also set into vibration by resonance. The powder in 
- the tubes becomes heaped up at the places of least motion, i.e., at the 
nodes. The distance between two heaps will therefore bo half a wave- 
length (Fig. 68). By measuring the distances, and multiplying by two, 

■ the wavelength of sounds of the same frequency in the gas and in air 
can be obtained. 

The ratio of y 1 to y 2 for the two gases can be obtained by nafng 
formula (1) above, the density of the gases being known. If y is known 
for one of them, the value for the other can readily he calculated. It 
should be noted that this is essentially a comparative method. This 
method was used by Ramsay and others in finding the ratio of the 
specific heats of the inert gases, although a slight^ different apparatus 
w as u sed. It is a little difficult to work with helium as, owing to its 
lightness, it does not give good dust heaps. 
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125. The Determination and Calculation ol some Molecular Constants, 
-—-(a) The Mean Free Path . — The mean free path has already been 
defined as the mean distance through which a molecule can move 
without coming into collision with another. Of course, the actual 
distance through which a molecule moves before collision varies 
enormously from time to time. Sometimes it may travel a long distance 
before meeting another molecule; at other times only a fraction of the 
mean free path is traversed. The viscosity of a gas will obviously be 
directly connected with the mean free path. The coefficient of viscosity, 
n, is defined as the force per unit area exerted between two parallel layers 
at unit distance apart, when the velocity of streaming differs by unity in 
the two layers. 

From the kinetic theory it may be shown that 

7 ] =5 \d\u 

where A is the mean free path, d is the density, and u the root-mean- 
square velocity. 

If we substitute the value of u obtained in § 121, 


in this equation, the expression 


is obtained. ■ 

As would be expected, the mean free path is greater the lower the 
pressure. The value of the mean free path can therefore be obtained 
from observations of viscosity. 'iv--.; ^ F 

The collision frequency, which is given by can also be obtained 

quite easily. : v' 

It will be seen from Table XXXI. that the mean free path of oxygen 
at N.T.P. is of the order of 10~ 5 cm. It is twice this in hydrogen. For 
comparison, the average wavelength of light in the visible spectrum is 
5 X 10~ 5 cm. At low pressures the mean free path may amount to 
several centimetres. ° 

In I second, a molecule describes as many free paths as it makes 
collisions, and hence the sum of the free paths is equal to the mean 
speed. Taking the case of hydrogen, the root-meam-square velocity, tj, 
is 183,800 cm. per second, pid the mean free path is 17:8 X 10~ 6 cm. 
Hence the number of collisions per second is 

j i - -f 83 ’ 8 ™ - = 10,330 X 10 8 . 

X 17-8 x K)- 6 

It need not be pointed out that this number is very large. It might be 
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noted, however, that even when the mean free path is increased to 1 cm., 
which could happen at very low pressures, the number of collisions per 
second is 183,800, i.e., nearly 200,000 per second. 

Table XXXI —Mean Free Paths (at N.T.P.) 

Hydrogen . . . . 17*8 X. 10“ 6 cm. 

Oxygen .... 10*0 X 10~ 6 J5 

r ' Nitrogen * . . . 9*5 X 10~ 6 „ 

Carbon dioxide . ■. . 0*3 X 10” 6 ,, 

Carbon monoxide . . 9*3 X 10“ 6 ,, 

Water vapour . . . 7*2 X 10" 6 „ 

(5) A vogadro's Number . — Avog&dro’s Law states that equal volumes 
of gases under the same conditions of temperature and pressure contain 
the same number of molecules. It is interesting to know how many 
molecules there are in a gram-molecule of a gas. This should be the 
same for all gages, and is called Avogadro’s number, N . Occasionally, 
we meet with the number of molecules contained in 1 c.c. of gas at 
N.T.P. This is called Losehmidt’s number, and is denoted by n. It is 
obvious that 

N = 22,41471, 

since one gram-moiccule of a gas occupies a volume of 22,414 c.c. 

Avogadro’s number can be determined by a variety of experimental 
methods, which give surprisingly concordant results. A few of these 
methods are described. 

(1) The Method of Rutherford and Geiger . — The element radium is 
continually shooting out helium nuclei, called a-particles (Chapter II., 
§ 21). They move very rapidly, in fact, about 100,000 times as fast as 
an ordinary gas molecule. They possess the property of causing zinc 
sulphide to glow when they fall upon it. If, then, the a-particles are 


Fig. 69. — Spinthariscope (diagrammatic). 


pot shot off foo frequently it is possible \o count them, since every 
time they impinge on a zinc sulphide screen they cause a flash. The 
apparatus for counting the a-particles is shown Fig. 69 and is called 
a spinthariscope. The radium preparation A, was hung in front of the 
zinc sulphide screen B, which was viewed through a lens. A separate 
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experiment was carried out to find out how much helium wa# formed 
from a larger, known amount of radium, in a given time. The volume 
of the gas and the number of atoms in it were known, because they had 
been directly counted as a-particles, Hence the number of atoms (of 
helium; molecules of any other gas) in I c.e. could be calculated, and 
from this Avogadro’s number could be obtained. Allowance was made 
for the fact that only a fraction of the a-particles strike the screen. The 
results obtained for the experiments were; — 

Number of molecules per e.c. = 2*7 X I0 19 * 

Avogadro’s number = 6*05 X I0 29 

The method was improved in 1908, the apparatus depicted in Fig. 70 
being used. A long glass tube, TT, 450 cm. long, and 2.5 cm. wide, 
called the firing tube, was exhausted, and a radium preparation 
on a lead plate was placed at A. Some a-rays shot along the tube, 
passed thro ugh the narrow tube B, and passed into the ionisation 
chamber G, through the window F. The gas in the ionisation chamber, 
which was at low pressure, became ionised every time an a-particle 
passed into it, and this rendered the gas conducting. A current then 
passed through the electrometer (which was connected to the wire w, 
and the outside of the chamber), every time the gas was ionised. It 
was thus possible to count the a-particles, and knowing the volume of 
helium produced in a given time, obtained by a separate experiment , 
Avogadro’s number could be found. The value obtained was 

N = 6*14 X I0 23 . 


Manometer 

Fig 70. — Butherford and GJeiger’s Apparatus (diagrammatic), 


Allowance was made for the fact that only a fraction of the a-particles 
got into the ionisation chamber. It may be noted that in the spinthari- 
scope method the minutest quantity of radium is used, whereas the 
second method requires an appreciable quantity. r 

(2) Perrin's Method.— This is based on a study of the Brownian 
Movement (Chapter X^IL). If very fine particles are suspended in a 
liquid and are examined undertime ultramicroscope, it is found that they 
are moving about r rapidly and with random motion. This motion is 
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called the Brownian Movement, because It was first observed by the 
botanist Brown, with pollen grains. The reason why the particles are 
moving about in all .directions is because they are continually being 
bombarded by molecules of the medium in which they are placed. This 
bombardment will affect them differently from time to time, for at one 
Instant they may he hit by many or rapidly moving molecules, and at 
other times by few or slowly moving molecules. Hence their motion is 
continually vaiying. Perrin supposed that a particle suspended in a 
liquid would behave just like a large molecule and would possess the 
same mean kinetic energy as a molecule of the liquid. He calculated the 
way in which gravity should cause an alteration in the numerical density 
of these particles in a column of fluid. Owing to their weight, there will 
be a larger number at the bottom than elsewhere, and this number will 
get smaller and smaller as we go up the column. Two effects have to be 
taken into account. The first is gravity, which causes a downward 
motion, and the second is a diffusion upwards. Perrin obtained the 
following expressiem:— . 


where w is the mean kinetic energy of the particle; n 0 and n the average 
number of particles per unit volume at levels which differ in height by 
h; <f> the volume of a particle; D and S the densities of the particles and 
the liquid respectively. Perrin set out to determine w experimentally, 
making use of this expression, and it will be seen that in order to do so 
it is necessary to determine the volume of a particle, and the numbers 
present at given heights in the medium. The volume of the particle was 
found by counting the number in a given volume of suspension, which 
was then evaporated to dryness, and the weight of the remaining particles 
determined. The weight of one particle could thus be found, and 
knowing the density of the particle (which was assumed by Perrin to 
be the same in the particle as in the hulk condition, though it need not 
necessarily be), the volume could be calculated. The number of particles 
at different levels was obtained by focusing a microscope on a certain 
level and counting the number, and then turning the focusing screw 
so as to raise the objective through a given "distance. This would now be 
focused on a new layer, at a distance from the previous one equal to the 
distance through which the microscope had been raised. The number of 
particles in the newly focused layer was then counted, w can thus be 
calculated. 

We have already seen (§ 118) that the mqan kinetic energy of a mole- 
cule is given by 

w — $pv[2n. | 

For a gram-molecule of a gas, which contains N molecules, 

ill j \ I pv = RT. : r V- ; ; oV,'/, 
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w = ZRT/2N. 

Knowing w, N can be found. 

The value obtained by this method was 


6-90 X 10 23 , 

with the Rutherford and Geiger 


which is in very good agreement 

The Millikan Oil-Drop Method. -Tms method, which has already 
been described in connection with the determination of the charge of 
the electron, can be utilised to furnish a value for Avogadro s number by 
using the relationship that the number of electrons m one gram- 
molecule of ions is N, and if e is the charge on one, and F the Faraday , 

th< F isreadily found by electrolysis experiments; e is found by Millikan’s 
method, as previously described, to be 1-59 X I0-* c<^omb^enco 
N = 6-062 X 10 23 , if F = 96,500 coulombs. This is probably the most 

accurate method of determining N. 

Quite a number of methods have been used to determine Avogadro s 
number, and all give concordant results, some of which are given m the 
table below. This fact alone shows that there can be no doubt about the 
existence of molecules. 


Table XXXII.— Values of N. 

Classical kinetic theory . . 10 X 10 23 (approx.)^ 

Brownian movement (Perrin) . 6-90 X 10 23 

Radiant heat .... 6-19 X 10 23 

Counting a-particles . . ■ 0-14 X 10 23 

Electronic charge (Millikan) . 6-06 X 10 23 

Brownian movement (Nordlund) . 5-90 X 10 23 

The Mass of the Molecule.-— Knowing Avogadro’s number, we can 
late the mean mass of the molecules, if the gram-molecular weight 
, PftS i« known. Thus, for oxygen, the gram-molecular weight is 32. 
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carried but within a comparatively small pressure range, and were not ; {l 
sufficiently accurate to show whether the law was strictly correct or not. )\ 
At the beginning of the nineteenth century many people attempted to 
verify the law, but the best work was done by Regnault in 1847. 

He improved the apparatus so as to reduce the experimental error, 
and also increased the pressure range up to 27 atmospheres. He found 
that the gases fa© used, hydrogen, nitrogen, air and carbon dioxide, 
did not obey the law perfectly. Hydrogen was found to be less 
compressible, and the other gases more compressible, than the law 

demands. , # ' ; 

The work of Regnault was improved upon by Amagat, who carried 
out experiments first up to a pressure of 400 atmospheres, using a 
mercury manometer. For this purpose, the mercury tube was placed in 
the shaft of a coal mine. By using a hydraulic press, he was able in a 
later series of experiments to reach 3,000 atmospheres. 

The results of these experiments showed that no gas strictly obeys 
Boyle's Law. Gases are therefor© not perfect, a perfect gas^ being 
defined as one which obeys Boyle's Law. The nature of the deviations 
are best shown by plotting the product of pressure and volume against 
pressure. If a gas obeyed Boyle's Law this curve would be a straight 
line, the line AB in Fig. 71. 

It will be noticed that the curve for hydrogen starts ascending at 
once, whilst for the others the curves all show a decrease in pv at first. 

Ultimately, all gases behave like 
/ y hydrogen, above, say, about 400 
y 1 // atmospheres. It has been shown 

/ that the inert gases give curves 

2 f° / yf exactly like that of hydrogen. The 

pv /// gases which are most easily liquefied 

vc // / deviate the most from Boyle's Law. 

yy / Experiments on gases at low 

im A ~b pressures have not yet shown 

definitely whether gases deviate 
\ /!% from the law at extremely low 

\/ pressuips. 

^ 127. Modifications of Boyle’s 

Pressure tatmf Law. — The fact that experiment 

reveals deviations on the part of 
most gases from Boyle’s Law must 
be explicable on a theoretical basis. 
BoyleVLaw has been derived in a 
previous section (§ 117) from the 
kinetic theory. It is possible that 
the assumptions upon which the 
kinetic theory is based are at fault. 


Fro. 71. — Graph of pv against p for 
nitrogen, hydrogen, oxygen, 
and carbon dioxide, based on 
Amagai’sjresults. The ordin- 
ates represent the relative 
deviation of pv for the gas 
from the vain© for a perfeet 
gas (1*00). In deducing pv , v 
■ ‘ is taken as 1, when p = 1 
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It will bo remembered that in deriving Boyle’s Law certain “sump* 
tmirn were made about the size, shape and properties of molecules. Ii 
Sderivation, it was tacitlyassumedthattlm molecules ^ 
vM^e and that there were no attractive forces between them. Both 
2 rations are, of course, not true at ordlnaiy temperatures and 

nressures When the pressure of a gas is considerably leduced the 
volume occupied by the molecules may be negligible when compared 
with the space in which they move, but not under ordinary conditions. 

Tn 1865 P Him put forward an equation which took the first of these 

eo^tS ^account. H the molecules do occupy some volume then 

, available for their motion must be reduced, and so, in the 

IrdiSTlSefLw equation, ** = BT, we must substitute for «, 

/„ _ v ? where b is a quantity dependent upon the volume occupied y 
L molecules. It is not a difficult mathematical exercise to show that 
it should conespond to four times the volume of the moieculra. 

A correction was also attempted for the second error the fracture 
force exerted by the molecules on each other. That such an attractive 
force exists is shown by the Joule-Thomson effect (§ loramokcffie 

in the centre of the gas the attraction of other molecules will, on th 
average, be spread over a sphere uniformly, and so need not be taken 
into account for our purpose. Molecules near the edges will, ’ 

experience an attractive force which tends to drag them inwards, and 
soothe velocity with which they strike the walls, and the correspondmg 
nressure will be lower. Thus the observed pressure is less than that 
which would be exerted if there were no attractive force. Him therefore 
preposed to add a pressure, P, to p, in order to increase the premeto 
the P value it would have if there were no attraction. P< was called the 
Intrinsic pressure, or the internal pressure of the gas . 

Hirn’s modification of Boyle’s Law therefore reads. 

{p -f* P{) (t; — &) = itT. 

Van der Waals (1873) carried the matter further. He added a factor 

— to the pressure to account for the attraction of the molecules for 

Lck other. The correction will depend upon (i) the number of molecules 
in the surface layer, and (ii) tbe number of molecules m the mtenor 
Both these numbers axe proportional to the density i.e. (for a given mass 
of gas), inversely proportional to the volume. Hence the orm o 
correction. Van der Waals’ equation is therefore 


'* >' ■ ■ : " ' ' 


- X / 

The equation of van der Waals correctly explains the gmeral 
behaviour of gases, and, incidentally, also of liquids, throughout the 
Whole range of temperatures and pressures, but quantitative agreemen 

■ 

.... ' . ; . V'-A 
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with experimental data is still not quit© exact. Hence, many equations, 
most of them empirical, have been put forward to cover the experi- 
mental facts. It would be useless to consider all of them, because well 
over a hundred modifications of van der Waals equation have been 
proposed. The most important of them are the equations of Dieterici, 
of Clausius, and of Berthelot. Dieterici made allowance for the density 
gradient at the boundary of the gas as the internal pressure diminishes 
to zero. The equation is 

' p (« - 6) — RTe~'Sf, 

where e is the base of natural logarithms. 

Over small ranges of pressure, Dieterici’s equation agrees with that 
of van der Waals, but at high pressures the differences become quite 
appreciable, and, in general, Dieterici’s equation explains the experi- 
mental facts better. 

It -was at first thought that the a factor in van der Waals’ equation 
was independent of temperature. Amagat’s work on carbon dioxide 
showed that this was not so, and Clausius modified van der Waals’ 
equation accordingly, by putting the term a/[T(v + c) 2 ] for ajv 2 . The 
Clausius equation is therefore 


V T{y-\- c) 2 / ' 

It explains the relationship between pressure, temperature and volume 
reasonably well for some gases, but its success is not general. 

The equation of Daniel Berthelot depends upon the critical constants 
of the gas concerned. As explained in the next chapter, the van der 
Waals’ constants a and b have been found to bear a relationship to the 
critical constants of a gas (§163). Berthelot derived an empirical 
relationship between the constants a and b, and the critical constants, 
and substituted their values in the van der Waals’ equation, obtaining 
the equation 

where p c and T e are the critical preme and temperature, respectively. 

Berthelot equation gives very accurate agreement between observed 
and calculated values, but it must be remembered that it applies only 
to a pure gas, i.e., to a gas consisting of a single species of molecules only. : 

The equation gives good results in the neighbourhood of the critical 
point, when ethers fail. It can be applied to saturated vapours. 

128. Deviations from the other Gas Laws. — (a\ Avogadro’s Hypothesis. 

— Just as there are deviations from Boyle’s Lav:, so the other gas laws 
are found to be not strictly accurate. It will be remembered that 
Avogadro’s Hypothesis was derived on the basis of4he kinetic theory 
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from the result obtained for Boyle’s Law (§ 1 19). If the latter ft wrong, 
based on wrong assumptions, it follows that Avogadro s Hypo- 
fi SSt to ta»nS* also. This is indeed the case Equal chimes 
5 ™ Is under the same conditions of temperature and pressure do not 
oontahi the same number of molecules, and the usual statement of 
Avogadro’s Hypothesis is probably only valid at very low pressures 
where the gases may behave as perfect gases, and where Boyle s Law 

ltS lf fonJw^fromS's that the usual method of deriving the “oleeuV 
weight of a gas from its density, merely by multiplying the latter by 
two (§ 11), does not give strictly accurate results, smee this procedure 
impliesthetruth of Avogadro’s Hypothesis. If, however, the gas volume 
WO re to bo measured at low pressures, the hypothesis would become 
more exact and at zero pressure it would probably be quite exact. C)f 
course, this is an impossible condition for measurement, but the density 

a *A cSeJM^rof^he^uantities to be measured may be gained by 
considering the subject in greater detail. Suppose a mass W gms. of gas 
occupies a volume * litres at 0° C. under a pressure of p atmospheres. 
The quotient Wjpv is called the density per unit pressure. If the gas 
obeys Boyle’s Law, pv is constant, and obviously the above quotient 
remains constant over the whole pressure range, but if the gas does not 
obey Boyle’s Law, there is a continuous variation of Wjpv as the 
pressure varies. If the limiting value of pv is taken as p approaches zero, 
and the value of pv is then p 0 v 0 , Wlp 0 v 0 is called the limiting density of 
the gas. This is the value to be used in determining molecular weights 

° f |f mL is the value of pm when the pressure is one atmosphere, then 
obviously TF/ppq is the normal density of the gas as commonly 

measured. Hence 

limitin g density = normal density X (Pi v i!Po v o)- 

It is thus a matter of some importance to determine the value of 
p,vJp a v a , and this can be done by two distinct methods. The first is 
the extrapolation method. A number of determinations of pv are made 
for different pressures, and these are plotted and the curve extrapolated 
to zero pressure. This method is the one usually followed and is exempli- 
fied by the determinations of the atomic weights of nitrogen and phos- 
phorus from the densities of their gaseous hydrides. _ 

The second method depends on the assumption that the relative 
deviation from Boyle’s Lay is proportional to the pressure, and is 
obviously applicable only to those gases which do not greatly deviate 
from Boyle’s Law. Thd relative deviation is 

PSD o ~ V v 



Hence, with, the above assumption, ■ . 

mZ M^gp. 

pv 

a is known as the compressibility coefficient, and its value is obtained 
by ta kin g two readings of pv between 0 and 1 atmosphere. In this case 

JV© ~ 2>i v i( l + a ) • W 

since pj = 1. 

r Thus, the limiting density = normal density/(l + a )* # 

Avogadro’s Hypothesis can then be applied to the limiting density 
found by these methods. 

It is clear that the expression (1) implies a linear relationship between 
p § v Q and p t v v Whilst this is true in the majority of cases, there are 
some substances for which it is not true. For these a curved extra- 
polation must be used, and it was suggested by Guye that the result 
should be expressed in the form p 0 v Q = p l v 1 (1 + A). It has been 
pointed out by Cawood and Patterson that A has no physical signi- 
ficance like a, although it is frequently wrongly called the com- 
inefficient. It mav Derhaos be called the “effective 
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Fig. 72. — Graph of Pressure against Density per Unit Pressure for Ammonia. 


These values are plotted in Fig. 72, and the curve continued to cut the 
jnsity axis. The limiting density is found to be 0-759877 gm. per litre. 
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The limiting density of oxygen determined in the same apparatus is 
1 *42761 gm. per litre, so the density of ammonia referred to oxygen 
as 16 is 

°rS§rr x 16 = 8-51636. 

1-42761 

The molecular weight of ammonia is therefore 17*0327. Assuming the 
atomic weight of hydrogen to be 1*0080, this gives for the atomic 
weight of nitrogen 14*0088. The accepted value is 14*008. 

Batuecas has determined the density of nitrous oxide. The 
following results were obtained: — ■ ^ 

Pressure density P er 

Iressuie. Unit Pressure. 


Atmos, 


Atmos, 


1-00000 

1-00294 

1-00416 

1-00559 


By extrapolation of the curve between p and pv, tie value for p 0 c 0 
was obtained, and (1 -f- A) came out to be 1-0085. The limiting density 

is therefore = 1-9623 gms. per litre. 

I * 008 o ^ 

The accepted figure for the volume occupied by one gram-molecule 
of a gas at N.T.P. is 22*414 litres/ * 

Hence the molecular weight of nitrous oxide is 22*414 X 1*9623 = 
44*014, and the atomic weight of nitrogen is (44*014 — 16) — | (28*014) 
= 14*007. 

The matter can be viewed in a somewhat different way. If Boyle's 
Law is true, 

pv = RT, 

where v is the volume occupied Jjy one gram-molecule, R has its usual 
value (in litre-atmospheres) p = 1, and T = 273° Abs. 



If Mns the molecular weight, and D the density in grams per litre, 

v;'" M/v = D 

But, v = RT/p. 

Hence M = DRT/p. 

This equation enables the molecular weight to be calculated if the 
density D is known at some temperature T, and pressure p, and holds, 
if Boyle’s Law is true. This, however, is not the case. If we use 
Berthelot’s equation (§ 127), it is obvious that 
# „ DRT A , (» T C (T*-6T/)) \ 

7r 1 w 'F> 

which may be written 

•nr DRT , 4 \ ' • 


where A stands for the expression in brackets. From this relationship 
it is possible to calculate the molecular weight of a gas very accurately* 
if the critical data are known. 

As an example we can calculate the molecular weight of nitrogen from 
the folio whig data: — 

Density at N.T.P. = 1-2507 gms. per litre. 

Critical temperature = 125*96° Abs. R = 0-08204 litre-atmos. 
Critical pressure = 33-49 atmos. 

Substituting in the equation 

„ DRTf , | 0T,(T‘ - 63 %)’ ) \ 

M -t{ 1+ \ i 28 ? ,r> W 

we have 

if - 1-2507 X 0-08204 X 27 3 ( 1 + 

V 128 X 3349 X 273 3 J 

« 1*2507 X 0-08204 X 273 (1 - 0-0002689) 

= 1*2507 x 0-08204 X 273 X 0*9997311 
= 28*01. 

Thus the molecular weight is 28*01 . 

If the density of a gas is known under two conditions of pressure and 
temperature, it is possible to calculate its^rue molecular weight, using 
the Berthelot equation, without knowing the critical temperature and 
procure. 

Thus, the density of neon at 0° C. and 0-5 atmos. is 0*44986 gm. per 
litre, whilst that at N.T.P. is 0*9002 gm. per litre. 

In both case® 

• am (T2 _ am m 
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273 ( 273) 3 : . ■ 

Since the temperatures are the same A will be the same, and the 
above process is not necessary; but where the temperatures are different 
it would have to be applied. Using the equation 

DRT „ , 


for the first conditions 


For the second conditions 


A = - 0 * 001066 . 

It is simplest to get M from equation (1); 

M = 0*9002 x 0*08204 X 273 X 0*998934 
= 20 * 14 . 

(b) Gay-Lussac's Law of Volumes , — It has been found by experiment 
that Gay-Lussac's Law is not quite true. For example, Burt and Edgar 
found that the combining volumes of hydrogen and oxygen to form 
water were 2-00288 to 1. Gray and Burt found that two volumes of 
hydrogen chloride gave 1*0079 volumes of hydrogen. Guye and Pintza 
found that one volume of nitrogen combined with 3*00172 of hydrogen 
to give ammonia. It is thus obvious that the law is not quite exact. 

The deviations from the law exist because Avogadro's Law is not 
quite true, and this in turn depends upon the inaccuracy of Boyle's Law. 
At very low pressures, like Avogadro's Law, it would probably be true. 
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THE SOLID STATE 


129. Characteristics of Solids— When a gas is cooled or submitted 
to pressure it becomes liquid, and in this state the molecules are much 
'more closely packed than they are in the gaseous state. They have not 
the freedom of motion that they enjoy in the form of a gas, and thus a 
liquid is much more difficult to compress than a gas. If a liquid is 
cooled it becomes crystalline, possessing even smaller compressibility 
than before. Indeed, now the molecules have very little capacity for 
motion, arranging themselves in a definite order which gives rise to the j*: 
crystalline structure of the solid. 

It was thought until recently that all solids were crystalline, and that 
there were no truly amorphous solids. Many solids which appear to be 
amorphous are, in 


solids. Many solids which appear to be 
fact, supercooled liquids. Glass is one of these. Some 
workers regard this as a fourth state of matter, called the vitreous state. 
However, Riley lias obtained truly amorphous carbon, and it would 
therefore seem that the solid state must include both crystalline and 
amorphous substances. 

Every crystalline substance is made up of an assembly of smaller 
units all having the same geometrical form. Although a crystal is quite 
homogeneous, it possesses different properties in different directions, 
and is therefore said to be anisotropic. 1 Thus, crystals conduct heat and 
electricity better in one direction than in another. The index of refrac- 
tion may vary in different directions in a crystal. 

Much information is now available concerning the arrangements of 
molecules and atoms inside the crystal. Such arrangements determine 
crystalline form, and are described later (§ 134). 

130. liquid Crystals. — Crystals are usually regarded as posses^mg a 
certain rigidity, by reason of which they are called solids. Ye^ there 
are a number of substances in which the weakness of the crystal forces 
results in lack of rigidity. These are called “ liquid crystals The y will 
actually flow, and will rise up a capillary tube, showing that the s urface 
forces which result in surface tension are strong enough to overcome 
the weak crystal forces. These substance® are not intermediate between 
the two states — liquid and crystalline. It is merely a question olN&e 
weakness oJ^the crystal forces, which arg not sufficiently powerful to 
support a definite geometrical form. In order to avoid the confusion 
which might arise from the use of the name ‘liquid crystals”, the term 
“mesomorphic state ” has been used. 

1 Cubic crystals (§133) are fully symmetrical, and are therefore isotropic. 
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LIQUID CRYSTALS 

Liquid crystals possess a definite melting point at which they become 
true liquids, and are doubly refracting. Examples of substances which 
can form liquid crystals, of which some three hundred are known, are:— 
ethyl p-azoxybenzoate 

C 3 H s O . OC 


2 ?-azoxyanisole CH 3 0 


CO . OCJT 


N— M 

I 

0 


0 

f 

N — -N 


eholesteryl m-nitrobenzoate 


► COOC 27 H 45 


eholesteryl acetate 
ammonium oleate 


CH 3 COOC 27 H 45 

c 17 h 33 coonh 4 . 


When the solid substance giving liquid crystals is heated it appears 
to melt at a given temperature, forming a cloudy liquid which shows 
anisotropic properties, as mentioned above. The cloudy liquid represents 
the mesomorphic state. Some substances have been examined by means 
of X-ray analysis (§ 134) in the liquid-crystal state, and faint indications 
of crystalline structure have been obtained. 

The effect of a magnetic field on liquid-crystals is interesting. 
Substances in the mesomorphic state are turbid, but when a magnetic 
field is applied they become clear, in the direction of the lines of force. 
The explanation of this, as well as of the double-refraction shown by 
liquid-crystals, probably lies in the arrangement of the molecules. 
Vorlander has pointed out that all substances which are capable of 
existing in the mesomorphic state have long or flat molecules. This would 
be expected from an examination of the formula given above. It may 
be supposed that when one of these substances is melted, the cohesion 
between the molecules, which previously held them in the crystal 
arrangement, does not break down uniformly in all directions. There 
may be a lateral cohesion which still exists, which will tend to hold the 
molecules together in bundles. This makes the liquid anisotropic. The 
properties may be expected*to be different in different directions, for 
rudimentary crystals still exist. When the magnetic field is applied, all 
these bundles orient themselves in the same direction, along the lines of 
force, and the liquid clears in thi^ direction. 

The viscosity of liquid crystals is small, whereas that of liquids with 
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heavy molecules is usually large. It is evident, then, that the peculiar 
properties of the mesomorphic state are not due to mere polymerisation. 

When a solid which can exist in the mesomorphic state is heated it 
changes into that state at a definite temperature, called the transition 
point. Then, on further heating, the mesomorphic state disappears, 
and the true liquid state takes its place. The temperature at which this 
occurs is the melting point. Thus, for p-azoxyanisole, the transition 
point is 118*3° 0., and the melting point 135*9° C. 

* 131. The Proem of Crystallisation. — Erom the point of view of 
theory, it is a fairly simple matter to draw a picture of what happens 
when crystallisation takes place. In a liquid the molecules are moving 
with random motion. They possess all sorts of velocities — some very 
high (molecules possessing these escape from the surface as vapour), 
and others below the average. Those molecules with low velocities 
obviously have a kinetic energy below the average, and when they 
happen to come together more or less in a certain arrangement corre- 
sponding to the crystalline form of the substance, the forces which hold 
the crystal together are strong enough to keep the molecules together. 
They may remain together for some time, or they may meet a molecule 
moving with high velocity, and therefore possessing high kinetic energy. 
This molecule, on collision, causes them to separate. Consider now a 
liquid which is cooling. Here the kinetic energy of the molecules is 
getting less and less, for heat is being given out, and hence the conditions 
for long life of the crystal nucleus are more advantageous. Finally, 
when the liquid cools sufficiently, the crystal forces are strong enough to 
overcome the bombardment by molecules which have too great a 
velocity to be added to the crystal nucleus, and the liquid crystallises. 
r jJhe crystal nucleus has the power of attracting other molecules to it 
by virtue of the crystal forces, and it forms a trap for all molecules 
which do not possess sufficient energy to escape. So the crystal grows. 

When a crystal is heated, the reverse change may be supposed to take 
place. The molecules are gaining energy, which gives them a greater 
vibration in the crystal arrangement, which is called the crystal lattice. 
Finally they gain sufficient energy to break down the crystal lattice, 
overcoming the crystal forces, and the crystal melts. 

At all temperatures the constituent particles of a crystal (atoms, 
molecules, or ions) are in vibration. This vibration persists even at 
absolute zero; at this temperature the particles possess an energy 
known as zeropoint energy. They are not moving very far, but very 
fast. According to a calculation by Mrs. Lonsdale their frequency of 
vibration is &bout 1G 13 per see., so that in~24 hrs. the sodium ions in a 
sodium chloride crystal each travel about 50,0(j0 miles, although they 
are never more than 0*23' A units from their lattice point. 

It must be understood that the mclecules are always oscillating in 
fixed mean positions in the crystal lattice, but they have not the power 
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of translational motion. Sometimes, however, a molecule may oscillate 
so violently that it breaks away from the crystal and goes directly Mo 
the vapour state. This explains why a crystal has a vapour pressure. 

It is clear that heat will be required to give the molecules sufficient 
amplitude of oscillation to break down the lattice. This is the heat that 
is commonly referred to as latent heat of fusion. It is taken in when a 
substance melts, and is given out when it solidifies from the liquid state. 

The above is merely a theoretical picture of the crystallisation 
process. In. practice the way 
in which crystals are formed 
a nd the significance of crystal 
forces aro still little under- 
stood, Tammann suggested 
that there are two definite 
processes involved in crystal- 
lisation. They are first, the 
formation of the crystal 
nuclei, and second, their 
growth. Each process must 
be studied separately. 

It has been found possible 
to count the number of 
crystallisation nuclei formed 
when a liquid is cooled and 
supercooled under various 
conditions. It has been shown that the number of nuclei increases 
with decrease of temperature as this is reduced below the freezing 
point, passes through a maximum, and then decreases. If the number 
of nuclei formed is plotted against the temperature a curve of the 
type shown in Fig. 73 is obtained. It is clear that, this is a typical 
probability curve, so that the formation of nuclei is governed by 


Ho. of Nuclei 
Rate of 6rowth 
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The study of the growth of crystals, particularly as regards their 
form during this period, shows that they undergo continual change. A 
perfect crystal is best made by very slow growth, during which a 
number of facets, in the usual course of events never seen, appear and 
disappear. 

Spangenburg and Neuhaus (1928) turned a sphere from a single 
crystal of rock salt, and then suspended it in a solution of sodium 
chloride. The crystal grew or diminished in size according to whether 
the solution was slightly supersaturated, or slightly unsaturated. The 
concentration of the solution was kept constant by addition of salt or 
water, and the slow development of faces by the sphere was noted. 
Ultimately a polyhedron developed. The speed of growth of the various 
faces was found. They did not all develop at the same rate. 

Bound up with the formation of crystals, is the dissolution of crystals. 
It is of interest to know how a crystal is attacked by a solvent; whether 
certain faces disappear first, or whether the crystal dissolves as a whole. 
Little work appears to have been done in this direction, although 
Traube has shown that dissolution takes place at definite points on the 
crystal surface, and a cellular structure is thereby formed/' Immediately 
before the crystal dissolves it breaks down into particles which are so 
small that they can be seen only under the ultra-microscope (§ 352). In 
this work, a cinematograph film was taken showing the process of 
dissolution. The results are considered to be in agreement with Smekal’s 
theory that a crystal is made up of blocks of a few molecules, called 
‘lattice blocks”, which are separated by canals or pores. When a 
crystal dissolves it first breaks up into these blocks. This theory has 
been used also to explain the contamination of crystalline substances by 
bounties derived from the mother liquor. It is a well-known fact that 
crystalline substances are frequently impure, and this is a matter of 
importance when dealing with precipitates in quantitative analysis. 
Precipitates such as barium sulphate frequently contain adsorbed 
impurities which are difficult to wash out. It may be that these are 
adsorbed in the hypothetical pores which exist in the crystal. The 
“ hygroscopic nature of some crystals has also been ascribed to the same 
cause, water being adsorbed in the pores. * 

With reference to the effect of impurities on crystals, it may be 
mentioned that in some instances crystals reject impurities. Eor 
example, many dyes are not taken up by crystals, and it is possible to 
crystallise a colourless substance from a solution that has been arti- 
ficially coloured by certain dyes. This is not always so, however, and 
if an impurity can form a solid solution $ith the crystal, or, if it is 
adsorbed in the pores, it is a matter of some difficulty to remove 
it. 

Sometimes the crystalline form of a colid may be completely altered 
by the presence of impurities in the solution from which it is deposited. 
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It is possible to obtain cubes of alum although the usual crystal habit 
is octahedral. 

Recent work indicates that crystals grow in discrete layers. These 
layers may be a few molecules deep or they may be some hundreds of 
molecules or ions deep. The various faces of a crystal grow at different 
rates. The formation of a layer starts not on the edge of the crystal as 
might be expected (because the surface forces would be greatest at the 
edges) but at the centre of a face. Once a layer begins to form it tends 
to be completed before the next layer starts forming. Prom this Jit 
appears that each layer requires a fresh initiation of crystallisation; 
that is a fresh nucleation; and that the rate of crystallisation depends 
on the rate of nucleation at a crystal surface. 

132. Supercooling and Amorphous Substances. — It has already been 
stated that when a melt is cooled it frequently does not crystallise 
without the % ]presence of dust particles, or crystallites (small crystals) 
of the substance to be crystallised, or mechanical agitation. A liquid in 
this condition is said to be supercooled. The way in which the presence 
of dust particles causes precipitation is not known. The other methods 
of bringing the melt to crystallise can be given some theoretical explana- 
tion. The presence of crystallites actually provides the nuclei, whilst 
mechanical agitation provides further opportunities for the molecules 
of the liquid to come into those arrangements from which crystalline 
nuclei result. 

Supercooling is most frequently found with viscous liquids. When 
such a liquid is supercooled its already high viscosity gradually increases, 
and, of course, this means decreased motion of the molecules, since* the 
internal friction is increased. Hence, as supercooling proceeds, the 
chance of crystal nuclei appearing becomes less and less, and a glass 
(which actually is still a liquid) is frequently produced. This flows like 
a liquid, though, of course, very much more slowly, owing to the much 
increased viscosity, and no new phase appears during the cooling. 

A typical example of a supercooled liquid is ordinary glass. It flows, 
as can be seen if a piece of glass rod or tubing is supported on two pegs, 
about a metre apart, when it will soon show a permanent sag. Old glass, - 
too, will crystallise out whep rendered slightly less viscous by warming, 
making it useless for glass-blo^png. This process is known as devitri- 
fication. * 

Many substances, especially when thrown down as precipitates, 
appear to show no definite crystalline form to the naked eye, or even 
under the microscope. These are usually called amorphous substances. 
It has now been shown tha4 almost all substances previously thought to 
be amorphous, are in fact microcrystalline, or else are liquids. Thus the 
so-called “amorphous 9 " phosphorus (red phosphorus) has been found to 
consist of minute crystals, inv^ible to the naked eye, and not shown 
even under the microscope, but definitely indicated by X-ray diffraction 
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(§134). flie question is not, however, definitely settled. Some maintain 
that the amorphous state should bo regarded as a fourth state of matter. 
Recent work has shown that certain metals can be obtained in thin 
layers (by vaporisation and subsequent condensation, or by other 
methods) in such a form that they are almost non-conductors of elec- 
tricity. X-ray investigation of these layers (§ 139) shows them t o possess 
no definite crystalline structure, and they are probably amorphous. 

Sometimes a precipitate is obtained in a gelatinous form when two 
reactants are mixed. For example, the precipitate of aluminium 
hydroxide, when ammonia is added to a solution of aluminium chloride, 
is gelatinous, and troublesome to filter. On examination by tho X-ray 
method it is found to possess no definite crystalline structure. When, 
however, the hydroxide is obtained as a powder by prolonged wanning 
with ammonia it shows a crystalline structure. It is clear that the 
gelatinous aluminium hydroxide cannot be called a supercooled liquid, 
so these results seem to provide evidence for the existence of a separate 
amorphous state. As already stated (§ 129) Riley and his school have 
obtained truly amorphous carbon. 

133. Crystal Systems. — It is necessary to have an, idea of tho 
elements of crystallography in order to study crystals. Only the merest 
outline can be given here. For more detailed study text-books of 
crystallography should be consulted. 

Although crystals of a given substance may 
vary in size, and in the development of the 
j s. different faces, due to variations in the method 

/ of preparation, the angles between tho faces are 

/ \ always the same. This is called the law of the 

* / Jo — — constancy of interfacial angles. 

If three convenient axes are taken in the 
yt crystal, say three axes mutually at right angles, 

/ the faces will cut these axes at definite points 

Fia. 74 . intercepts, (Kg* 74). The distances of these points from 

a, b , c, made on th© the point of intersection of the axes, 0 (called 
axes 0A, OB, 00. the origin), are called intercepts. The second 
law of crystallography is concerned with these 
intercepts. It is foun d that if the axes ar$ suitably chosen, the intercepts 
of thd faces upon them bear a simple ratio to each other, or particular 
faces may cut an axis at infinity (i.e. f the face may be parallel to the 
axis). This is called the law of rationality of intercepts (or indices), and 
will be illustrated below. It forms the basis of a system of nomenclature 
for the crystal feces. ' c 

A crystal is made up of an innumerable set of smaller crystals, but 
if broken up, a point would be reached at which the smallest possible 
crystal of the substance would exist. If ij were broken down still further 
the crystal would be completely destroyed, and the molecules or other 
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particles which made up the crystal would be obtained. This hieing so, 
it is clear that this smallest possible crystal has the same degree of 
importance as the molecule. 

It has been known for some time that a crystal must be made up of 
an ordered assemblage of units. The only way in which the crystal can 
be made up of these units is such that if a definite point (e.g. } the centre 
of gravity) is taken in each unit, these points must lie on lines and planes 
which divide the space into a set of parallel-sided cells. The sides of these 
cells are parallel to the crystal axes mentioned above. The cell is called 
the unit cell , and the assemblage of points is called the space lattice. 

The unit cell will be completely defined by the ratio of the edges, and 
the interfacial angle. These are shown in Fig. 75 as a, 6, and c, and as a, 
j8, and y respectively. Of course, those figures can be determined from 
larger crystals. It is not necessary to 

measure the size of the crystal unit, A yj 

for each larger crystal is made up of / j / j 

a number of smaller ones, and hence / j / / 

the ratio remains the same. An j 7 7 / 

example is Copper sulphate, for #AT£;. 1 J 

which the following data have been * YY-'y / / 

obtained : — !/ Jy 

a : b : c = 0*5715 : 1 : 0*5575 ^ c y 

a « 82° 16' ft = 107’ 26' p IG . 75 .___ Unit cell. 

y = 102° 40' 

It may be said that this diagram does not resemble a copper sulphate 

crystal. It is quite time that in external 
A form it does not, but the method *>f 

A K obtaining it must be remembered. It is 

y/ / \ \ the unit obtained by joining the points, 

// / \ \. arbitrarily chosen, in the tiny crystals of 

y/ ^ J which the larger crystal is composed, and 

80 R s shape may bear no relationship to 
y the actual shape of the crystal, apart 
\. \ / y/ * from the fact that its edges correspond to 

\ \ / y/ the crystal axes. m 

Crystals usually possess certain ele- 
ii ments of symmetry. These can be 

Fig. 78. — Chrome alum divided into planes of symmetry, axes of 

tf^ 8t piaaes°'of 1 ^yn^otry . symmetry, and a centre of symmetry. A 
(ADBE, FDGE), an axis plane of symmetry divides a crystal into 

of symmetry (AB), and a two portions each similar to the other, 

centre of symmetry (C). j£ & cr y g £ a } 0 f d^ome alum, which has 

the octahedral form (Fig. 76), i$ considered, it is seen that there are 
several planes of symmetry, two of which are marked in the figure. 
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An axis of symmetry is an axis about which rotation of the crystal 
causes it to occupy the same position more than once during the 
rotation through 360°. The position may be taken up twice, thrice, 
four times, and so on, the axis being called accordingly an axis of two- 
fold, threefold, and fourfold symmetry, respectively. 

A crystal has a centre of symmetry when like faces are arranged in 
pairs in corresponding positions on either side of this centre. 

The cube has the greatest symmetry. It can readily be shown from 
% diagram that it has thirteen axes of symmetry (three of these are of 
fourfold, four of threefold, and six of twofold symmetry), nine planes of 
symmetry, and a centre of symmetry, making altogether 23 elements of 
symmetry. 

Of course, only a perfect crystal shows all the elements of symmetry 
possible for its form. Most crystals are imperfect and have some faces 
better developed than others, but as mentioned before, the angles 
between the faces are the same whether the crystal is perfect or 
imperfect. 

To fix a face of a crystal it is customary to define it by the intercepts 
it makes on certain chosen axes. Thus, in fixing the faces of the cube, 
three lines mutually at right angles passing 
through the centre of symmetry would be 

j chosen as axes. These are shown in Fig. 77. 

— ijke centre of symmetry is 0. The three 

/ ' Y / lines taken at right angles are OK, OL, OM. 

iiZ — / The line OK cuts the face ABOD at X; the 

L - — - line OL cuts the face ABJH at Y, and the 

fJ_/L 2J C line OM cuts the face ADGH at Z. These 

« // / faces are not cut by these axes anywhere else, 

!// / except when the axes are produced back- 

% 0 wards, when they cut the opposite faces. It is 

Fig. 77. clear that the intercepts OX, OY, and OZ 

are all equal and can therefore be taken as 
unity. The faces are defined by the intercepts they make on the axes. 
Thus, face ABCD cuts the X axis at the point I, the Y axis at infinity, 
and the Z axis at infinity. Hence this face can be represented as (I, oo, 
oo } v More often the reciprocals of the intercepts (called indices) are 
used, so that the face becomes the (1, 0, 0) face. The face FGHJ has 
similar indices to ABCD, since it is the mirror image of the latter. The 
plane ABJH cuts the X axis at infinity, the Y axis at 1, and the Z axis 
at infinity. Its name is therefore the (oo, 1, oo) face, or the (0, 1, 0) face. 
The face ADGH cuts the X axis at infinity, the Y axis at infinity, and 
the Z axis at I. It is therefore the (oo, oo, 1) face, or the (0, 0, 1) 

: face. 

In this way the faces of any crystal<can be defined. The axes chosen 
for the calculation need not be axes of symmetry, though they are 
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usually chosen thus. It has been found that these indices are^always 
small numbers, below 7. 

The octahedron (Fig. 78} may b© taken as another simple example. 
Take, as before, three axes mutually at right angles passing through 
the centre of symmetry C. Since the triangles which make up the faces 
of this figure are all equilateral, the intercepts OX, CY, and CZ are all 
equal. The face AXY is therefore the (111) face. In fact, all the faces 
of the octahedron have these same indices. 

It has been found that all crystals can be referred to seven different 
types of structure. They are all modifications in one way or another of 
seven simple types. These, together with their axial characteristics and 
elements of symmetry, are given in 
Table XXXIII. The fact that there are 
seven types of crystal structure does 
not mean that there are only seven / / \ X 

different kinds of crystal form. Few L ^ 

substances exist in the simplest forms; \ 

there are usually a number of extra ^ — £ \ A 

faces. Thus, the octahedron belongs \ 
to what is called the cubic system, \ \ j /n./ 

because it has the same typo of axes \ \ I / /XL 

as the cube. 1 \ \ / ^ 

134* The Structure of Crystals.— \\|// 

When light falls on an object which is 

of the same order of size as the wave- Fig. 78. 

length of light, it does not form a 

perfect shadow, but is diffracted. This fact is usually investigated by 
means of a diffraction grating, which consists of a number of very fin© 
lines drawn on metal or some other material. When monochromatic 
light falls on a diffraction grating, the light is diffracted and a number of 
images are formed, called the first, second, third, etc., order images. 
The fine lines act as small obstacles in the path of the light and cause it 
to be diffracted. For further information on this point, the text-books 
of physics must be consulted. 

In 1912 Laue suggested that if X-rays were actually light of very 
small wavelength, and if crystalwere made up of orderly arrangements 
of atoms or molecules, then the crystal should act as a diffraction 
grating for X-rays. This orderly arrangement is the crystal lattice, or 
space lattice. The spaces between the molecules in a crystal had been 
roughly computed to be about 10~ 8 cm., and this is of the order of the 
wavelength of X-rays. The Crystal would not be such a simple diffrac- 
tion grating as the type used in physics. It would, of course, be a three- 
dimensional grating. However, the fundamental effect, it was thought, 

1 Good photographs of crystals of the various systems are given in “Inorganic 
and Theoretical Chemistry 1 ’, F. Sherwood Taylor (Heinemann). 
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Table XXXIII. — Crystal Systems 


Substances typical of 


Sodium chloride, 
The alums. 
Diamond, 

Many metals. 
Fluorspar. 

Potassium ferro- 
cyanide. 
Zircon. 

Rutile. 

Tinstone. 


Three axes at right 
angles, but all of 
different lengths. 


Three planes, 
Three axes. 


a-buiphur. 

Iodine, 

Potassium 

nitrate. 

Barytes. 


Three axes not at 
right angles, but 
of equal length 
and makin g equal 
angles with each 
other. 


Three planes, 
Four axes. 


Quartz. 
Graphite. 
Sodium nitrate. 


Three axes of equal 
length in one 
plane, making 
angles of 60° with 
each other, and a 
fourth axis at 
right angles to 
them, and not of 
the same length. 

Three axes of un- 
equal length, one 
at right angles to 
the other two, 
which are in- 
clined at an angle 
not 90°, 

Three axes of un- 
equal length, ail 
inclined at un- 
equal angles, not 
a right angle. 


Lead iodide, 
Magnesium. 
Beryl, 


0. Mohoolotio 


Potassium 

chlorate. 

Borax. 

Sodium 

carbonate, 

Gypsum. 

^-Sulphur. 


7, Tmomhic (or 
anorthic). 


Copper sulphate, 
Potassium 
dichromate. 
Orthoboric acid. 
Mierocline. 


would bo tiie same. Lane showed, from a theoretical point of view, that 
if a beam of X-rays were to fall on a crystal, it should be transmitted 
through the crystal as a number of diffracted beams. If a photographic 
plat© were arranged directly behind the crystal, these beams should 
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make their appearance on the plate as a number of spots. From a con- 
sideration of the position of these spots it should be possible to arrive 
at some conclusions about the positions of the molecules in the crystal. 

The experimental work in connection with this was carried out almost 
immediately by Friedrich and Knipping. Their results agreed com- 


Fxa. 79. — Theoretical Diffraction Pattern for Sodium Chloride. 

{After Fig, 8, from Dr. E. S. Hedges’ Chapters in Modern 
Inorganic and Theoretical Chemistry (Edward Arnold & Co.)*) 

pletely with thejpredietions of Lane. The points are found at the inter- 
section of circles, which represent the diffraction at the various planes. 
Fig. 79 shows tho theoretical X-ray diffraction pattern of rock salt. 

This method did not receive'a great deal of attention, since at the 
time little was known about the nature of X-rays and the arrangements 
of atoms and molecules in crystals, although this research did much to 
increase our knowledge on both those points. The method has, however, 
been used very extensively since. 

A little later Sir W. H. and W. L. Bragg suggested that a crystal 
should be used as a reflection grating rather than as a transmission 
grating. The arrangement of atoms or molecules in a crystal is such 
that the atoms and molecules ftiay he regarded as occurring in planes 
which are fixed by the symmetry of the crystal. The faces of a crystal 
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are parallel to these planes containing the atoms or molecules, and those 
faces which occur most frequently are developed parallel to those planes 
in the space lattice which contain the largest number of atoms or mole- 
cules. When X-rays fall on these planes they are reflected, and the 
resultant reflected beams interfere with each other, just as when a beam 
of light falls on a pile of glass plates, as in the echelon grating. The 
theory of this is very easily followed. 

In Fig. 81 the lines aa\ bh\ cc\ dd\ etc., represent the planes of atoms 
onmolecules parallel to a face of the crystal. According to our hypothesis, 


Fig. 80. — Diagram to illustrate the Laue experiment. X-rays are 
passed through pin-holes in the lead sheets S' and S", then 
through the crystal G. The beam is diffracted and a number of 
images of the pin-holes appears on the plate D, their positions 
being defined by the intersection of circles of radii dependent 
upon the distances between the lattice planes. 

these planes are all parallel and are equidistant. Suppose that the 
distance between them is d. W represents an advancing wavefront. 
Tlie first plane is struck at A , and the wave is there reflected along AB[ 
The angle WAa is equal to the angle BAa' = 9. Part of the beam, 
however, is reflected at the second plane, at the point E f part at the 


Fig. 81. » 

third^lane, and so on . The line WE is produced to G. The perpendicular 
to the crystal planes from A must meet it at C. AD is drawn perpendi- 
cular to EG. From the geometry of the figure it is clear that the angle 
DAG 9, The beam which emerges from the crystal along AB is made 
up of a number of beams which have travelled through the crystal for 
different distances, and therefore will be out of phase unless the path is a 
finite integral number of wavelengths different. Thus, for reinforcement, 
the path difference mast be an integral number of wavelengths; for 
interference the path difference must be an odd number of half wave- 
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Fig. 82. — X-ray Spectrometer. 
(Bragg.) 
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lengths. We wish to express the first of these conditions mathematically. 

The path difference of the waves taking the courses W A and WE is 
EA - ED = A. 

But, EA = EG. 

Therefore, EC — ED — DC — A 

DC = AC sin 0 ~ 2d sin 0, 

where d is the distance between successive planes. 

For maxima, A must equal n\, where A is the wavelength and n is an 
integer. Hence the condition for maximum reflection is 

nX = 2d sin 6. 

It is clear that it is necessary to know A and 6 to find d. n is known 
from the order of the spectrum, or, if monochromatic light is used, the 
order of the reflection. The first reflection is obtained when n = 1. At 
first the wavelengths of X-rays were not known, so that it was necessary 
to express the distances between the planes in the crystal lattice in 
terms of A. This was, of course, suitable for comparative work, but not 
until the wavelengths of the X-rays were found was it possible to give an 
absolute measure of the lattice constants. 

The apparatus used by the Braggs for the investigation of crystals 
was very much like an ordinary spectrometer in principle, and is shown 
in Fig. 82. 

X-rays are generated from the X-ray tube A, and are made as far 
as possible monochromatic by passing through absorbing screens S, 
after which they pass through lead slits L, to obtain a fine beam. The 
beam passes on to the crystal face, 
the crystal being mounted on a turn- 
table which can b© moved over a 
scale V, very much as a diffraction 
grating is mounted in ordinary 
spectroscopy. The reflected beams 
are passed into an ionisation chamber 
D, which is connected with an electro- 
meter. The ionisation chamber can 
also be moved over a circular scale 
independently from the crystal. The 
chamber contains some easily ronis- 
able gas, such as sulphur dioxide, and 
when the gas is ionised by the rays a 
reading is obtained on the electro- 
meter. The crystal face and the 
ionisation chamber are rotated about 
their common axis, the chamber 
being rotated through twice the 
angle through which the crystal is turned. In this way the angle 
between the face and the ionisation chamber, and the face and the 
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Fio. 83.— Intensity of X-ray Reflections and Angle of Setting of 
Ionisation Chamber for Sylvine and Rock Salt (Bragg). 

These maxima should be governed by the equation 
nX = 2d sin 6, 

so that, since d and A are constant for any one face, the ratios of 
should be small whole numbers. 
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incident beam, are kept the same. The strength of ionisation produced 
at different angles, as measured by the current indicated by the electro- 
meter, is determined and plotted, and from the graph the maxima are 
obtained. >. 


Sylvine 

KCl 







Face -centred cubic lattice. 


Simple cubic lattice, 


Body-centred cubic lattice. 
Fig. 84. — Types of Cubic Lattice, 


Those figures enable the* distance between the planes in the space 
lattice parallel to this face to be calculated. In the equation ® 

nX — 2d sin 6, 

when n — 1, sin 6 = 0-103. Hence 

A = 2d (0-103) d = 4-85A. 

Thus we have the distance between the reflecting planes of particles 
parallel to the (100) face in terms of the wavelength of the rays used. 

In order to find the absolute spacing, it is necessary to decide to 
which system the crystal belongs, and then to calculate the relative 
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diataaee ^between the planes in the different types of lattice that are 
possible for the different faces. These are compared with the results of 
the X-ray analysis, and the correct space lattice is thus arrived at. Once 
this is done, the absolute spacing can be derived from a knowledge of 
the density of the crystal and Avogadro’s number. The crystal could 
then be used as a means of determining the wavelength of X-rays, just as 
an ordinary diffraction grating is used for the determination of the 
wavelength of light. 

These points are clearly brought out in the study of the crystals 
sylvine and rock salt. These were the first crystals that were success- 
fully studied by the Braggs, and they are comparatively simple. It is 
well known that they both crystallise in the cubic system, for which 
there arc three space lattices possible, which are called the simple cubic, 
the face-centred cubic, and the body-centred cubic lattices. These are 
shown in Pig. 84. 

The simple cubic lattice has one structural unit, whatever that may 
be in the crystal under consideration (molecule, atom or ion), at each 
corner of the cubic cell. In the face-centred lattice there is a structural 
unit at each comer, and one at the middle of each face of the cell, whilst 
in the body-centred lattice there is one unit at each corner, and one at 
the centre of the cube. Sylvine and rock salt may crystallise in on© of 
these three ways. The relative spaeings between the planes containing 
structural units, and which act as reflection planes for the rays, are now 
calculated. The possible crystal faces are (1) parallel to the cube face 
mi (2) perpendicular to the diagonal of the face (as in the faces of a 
dodecahedron) (110), and (3) perpendicular to the cube diagonal (as in 
the octahedron) (111). The relative spaeings are given in the table 
bel^w, and should be verified by the student. 

Table XXXIV 


Type of Lattice. 


Face-centred cubic 


Body-centred cubic 
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Consider the curves obtained for the intensity of reSectioife against 
the angle of setting of the ionisation chamber (Fig, 83). JFor sodium 
chloride, we see that the first order reflections occur at the following 
angles of crystal face for the different faces 

A (100) 5*9° 

B (110) 84° 

C (111) 5*2°. 

It must be remembered that small deviations in the curve cannot be 
counted as reflections, and that the maxima will occur at double these 
angles if we consider settings of the ionisation chamber, since this has to 
be moved through twice the angle that the crystal is turned through in 
order to receive the reflection. To make this clear, the first order 
maxima are marked in the diagram with the letters A, B and C. The 
sines of these angles and other data are given in the table below. 


These ratios of d obviously agree with the face-centred cubic lattice, 
and with no other, so it is clear^hat in rock salt the ultimate crystal cell 
has its structural units arranged in a face-centred manner. The difficulty 
now arises as to what the structural unit is. If it is the HaCl molecule, 
presumably there will be some distance between the two atoms in the 
molecule, and we may associate the centre of gravity of the molecule 
with the points of the lattice. Thus, the Na and Cl atoms will actually 
lie on two face-centred cubic lattices, which are separated from each 
other by a definite distance (the distance between the atoms in the 
molecule), and interpenetrat% The same result is arrived at if we 
associate the sodium atoms with the points of the lattice. The chlorine 


Face 

(100) 

(110) 

(111) 

Angle (0) 

5-9° 

00 

o 

5*2° « 

sin 6 

0-103 

0-146 

0-094 

*_ 


4-854A 

3-425A 

5-319A 

Ratio of d 

i 

0-706 

1-096 
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atoms will, as before, lie on a similar interpenetrating lattice. However, 
it is now universally regarded that the units are sodium and chlorine 
ions, not atoms. The problem now is to find the position of these two 
face-centred cubic lattices with respect to each other. The clue to the 
solution of this problem is found in the intensity of the various order 
reflections. The X-rays are scattered by the structural units, and the 
amount of scattering will be proportional to the mass of the scattering 
particle. The heavier the atom (or structural unit, whatever it may be) 
the greater will be the intensity of the reflection. The chlorine is con- 
siderably heavier than the sodium, so that the reflections will be mainly 
due to it, those due to sodium being much weaker. 


Fkj. So. — D iagram allowing tho planes referred to in the text. 

The plane GH*TK is a (110) plane. 

* The plane LMCO is a (111) plane. 

Note that these are alternately made up of sodium and chlorine ions, 
and are half as far apart as they would have been if the sodium 
^ and chlorine ions had not been arranged in this manner. 

It is found that if it is supposed that the chlorine space lattice is 
displaced from the sodium space lattice half-way along the side of the 
fundamental cube, the results shown in the reflection curves are 
accounted for. The type of lattice thus obtained is shown in Fig. 80. It 
is noticed that the sodium and chlorine ions alternate. The lattice is 
now made up of eight simple cubic lattices, but containing two kinds of 
ion. The planes parallel to the cube faces contain the same number of 
chlorine and sodium ions, and the spacing is identical with the original 
fundamental space lattice. This is also the case for the (110) planes. 
However, the original (111) planes are now alternated with planes 
containing sodium ions only at half the distance between the original 
planes. It is obvious that the presence of there planes will interfere with 
the .reflections from the (111) faces. For the reflections from the two 
successive chlorine planes to reinforce each other, the path difference 
must be one wavelength. When this is so, any rays reflected from the 
sodium planes will have travelled odd numbers of half wavelengths, and 
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so will b© 180° out of phase. If the reflections from the chlorine and 
sodium planes therefor© were equal in intensity, there would be no 
reflection at all at this angle. However, the sodium is not so heavy as 
the chlorine, and consequently the reflections from the chlorine planes 
are more intense than those from the sodium planes, and there is a 
resultant effect, though it is much weaker than it would otherwise be. 
This is true for the first order reflection, and explains why this is extra- 
ordinarily weak. For the second order reflection the waves from the 
sodium planes would be one wavelength behind those from the preceding 
chlorine planes, and so there would be reinforcement. For the third 
ordtff reflections, however, we have similar conditions to the first, the 
waves from the sodium planes being one and a half wavelengths behind 
those from the preceding chlorine planes. This agrees with the intensities 
obtained. In Fig. 83, 0 is the first order, D the second order, whilst the 
third order spectrum is not sufficiently intense to mark. 

When a crystal of potassium chloride is considered, it is found to 
possess a similar lattice to that of sodium chloride, but here the first 
order spectrum for the (111) face has entirely disappeared. This is easily 
explained on *th© above basis. The 
atomic weights of chlorine and 
potassium are not very different, and 
hence the intensity of X-rays reflected 
from them will be approximately the 
game. Here the. waves will neutralise 
each other completely for the first and 
third order reflections, whilst they will 
reinforce each other for the second, 
giving a more powerful reflection of 
the second order, shown at E, Fig. 83. 

It is interesting to carry the investi- 
gation further and find the exact 
distance apart of the planes. This can 
be done if the dimensions of the unit 
cell can be found. It has already been 

seen that the elementary ce31«of the sodium chloride crystal consists of a 
chlorine ion at eaeh corner, anemone at the centre of each face. Each 
atom at a comer of the cube really belongs at the same time to Severn 
other cubes, so that only one-eighth of its mass may be regarded as 
belonging to the elementary cell. There are eight of these atoms, so that 
the resultant total mass of atoms at the cube comers is 1. Every atom 
in a cube face is shared with another cube, so that it gives half its mass 
to any particular elementary cell. There are six of these, so that they 
give the mass of three ions altogether to the elementary cell. The total 
number of chlorine ions is therefore four. It can be shown in a similar 
way that the number of sodium ions in the cube is equivalent to the mass 

' . 'V :-> v 'K-' ' ; •: ' V-'-./ “v c v-’i-'-v ‘ 


Cl 


Fig. 86. — Sodium Chloride 
Lattice. 



258 THE SOLID STATE 

of four* The cell therefore contains four molecules of sodium chloride. 
The density of sodium chloride crystals is 2-17 gms. per e.e., and the 
molecular weight 58454. The gram-molecular volume is, therefore, 
58*454/2*17 = 26*93 c.c. This must contain a number of molecules 
equal to Avogadro’s number, i.e., 6*06 X 10 23 . The volume associated 
with four molecules will be 

4 X = 177-8 X 10-24 c - c - 

.. 6-06 X 10 23 

This must be the volume of the unit cell. The cube root of this gives the 
length of the side of the cube, and this comes out to be 5*623 X 10" 8 cm. 
One Angstrom is 10~ 8 cm. , so that the length of the side is 5 * 623 A . The 
distance between the (100) planes is half this, i.e. y 2*811 A. The other 
distances can be calculated in a similar way. Knowing this distance 
between the planes, it is clear that the crystal can now be used to deter- 
mine the wavelength of the X-rays used. 

The X-ray spectrograph differs from the X-ray spectrometer just 
described in fixing the positions of the maximum reflections photo- 
graphically instead of by an ionisation chamber. The Lane method is a 
typical one involving the spectrograph. The arrangement of apparatus 
for this method has already been described, and the type of photograph 
explained. The spectrographs are easily obtained if a good crystal is 
available, but the interpretation of the diagrams is not easy, and is 
usually accomplished by means of gnomonic projection. The method 
cannot be described here. Laue photographs find their main use in the 
determination of the symmetry and correct unit cell of a crystal. 
Qualitative data are obtained from complicated planes far more 
numerous than in any other diffraction methods, and these can be 
employed with great certainty in the fixing of the unit cell. 

185. X-Ray Powder Spectroscopy* — Debye and Seherrer (1916) and 
Hull (1917) suggested that a powder might be used instead of a large 
crystal in X ray spectroscopy. If the crystal is replaced by a thin film 
of crystalline powder an entirely different pattern is formed. If the 
small crystals are present in large enough numbers and if they are 
arranged in a disordered fashion, two conditions which are almost 
invariably fulfilled, there are bound tq be some of them which are in a 
position to reflect from every system of atomic planes whose spacing is 
more than a certain minimum, fixed by the wavelength of the X-rays 
used. a;/-";..:.':- ■;■■■■■ 

The substance is powdered and made into a rod and placed at the 
centre of a circular camera. The beam of X-rays, after suitable treat- 
ment by slits, is passed through a hole in the photographic film on to 
the specimen. The X-rays are diffracted in such a way as to give a 
■ '"teerW jof cones with their apices at C.(Fig. 87). Where they cut the 
film, the circular sections of the cones will be made evident. When the 
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film is unrolled the photograph is of the form shown in Plate Ib., which 
is the photograph obtained for C 22 H 46 . It will be clear from what hag 
been said above that the apparently straight lines in this diagram are 
really portions of arcs. 

Each line in this photograph arises from comparatively few crystals — 
just those in fact which are oriented in such a way as to reflect the rays 
from on© particular plane — and so they will be much weaker than the 
spots in the Lane diagram unless a considerably more powerful source of 
rays is used. 

This method has certain advantages over the other methods. Crystals 
can he studied which it is not possible to grow to a large size. Whereas 
it is difficult to grow large crystals of most substances, anything can be 
finely powdered. The intensities of 

the reflections are used besides their ^ 

positions to obtain the size of the Vt 

unit cell. \\ I 

136, The Eclating Crystal Method* \r-i 

— This was devised by Rinne, X-ra^s j^j 

Schiebold, anti PoMnyi, and has j i 

been used extensively in deter- 1 

mining crystal structure. A mono- ■ l \ 

chromatic beam of X-rays, suitably j J \ \ 

defined by slit arrangements, falls on ^L]_ _ 

a crystal which is rotated about an 

axis perpendicular to the beam. The s^too^copy^ er * 

reflections are recorded on a circular 

film, as in the powder method. In some work, the crystal is rotated only 
through a small arc, in other experiments the crystal may be rotated 
through 360°. It is best to use a single crystal, as perfect as possible, but 
very small specimens may be employed. Good photographs are obtained 
by this method, but the work involved in deciding the structure from a 
study of the photographs is considerable. A typical rotation photo- 
graph is shown in Plate lo. 

187. X-Ray Grating Spectrographs —It has been mentioned in §134 
that a crystal could be used as a diffraction grating for X-rays, and that 
if the lattice spacing of the crystal were known the wavelength of the 
X-rays could be deduced. Until quite recently this was the only method 
available for the determination of the wavelength of X-rays. The 
ordinary line grating, as used for ordinary light, could not be employed 
for X-rays owing to the very small wavelength. In 1930, Thibaud and 
Siegbahn devised X-ray spectrographs which used ruled gratings. It 
was not possible to rule gratings very much eloser than those used in 
work with ordinary light, but this was compensated for by making the 


With a very small angle of incidence, it is possible to diffract ordinary 
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X-rays with an appreciable angle, even if the grating has only 50 lines 
per millimetre. The results obtained with this apparatus agree with 
those using the crystal grating, and thus provide valuable confirmation 
of the earlier work, 

138. Results ol X«ray Analysis. — X-ray analysis of crystals has 
contributed largely to our knowledge of the crystalline state. In fact, 
we can say that w© know more about the solid state than we do of the 
liquid state. Almost all solid substances have been shown to be 
crystalline, and a definite arrangement of atoms may exist even in 
certain liquids. Precipitates and colloids, previously thought of as 
amorphous, have been shown in the great majority of cases to bo 
crystalline. The glasses, which were previously regarded as definite 
solids, are now thought to be supercooled liquids, and should not be 
treated as solids at all. 

As previously mentioned, another great change in our idea of the solid 
state has been brought about by X-ray analysis, for it is clear that the 
term “molecule” now has no significance when we refer to solid salts. 

X-ray analysis has also helped to elucidate the structure of organic 
compounds, by indicating exactly what the molecule fi like and the 
nature of the linkages between the atoms. Prom a study of the crystal 
structures of aliphatic compounds, it has been shown that there is a 
tetrahedral arrangement of bonds about a carbon atom, the latter being 
united to four other atoms. The diamond has been shown to possess a 
structure in which each carbon atom is surrounded by four others, 
equidistant from it. This reminds one of the van’t Hoff tetrahedral 
carbon model. The six-membered ring is also found in the diamond and 
graphic lattices. A study of hexa-methylbonzene and of naphthalene and 
anthracene shows the planar nature of the six-membered ring. 

The difference in hardness between diamond and graphite also finds 
an explanation in the crystal structures which have been deduced for 
these two forms of carbon. Both have the hexagonal ring, but in the 
diamond there is a branching, which brings the planes of atoms closer 
together than in graphite. The two structures are shown in Fig. 88. 

The distance between two adjacent planes in the diamond is 1*54, A 
whilst in graphite the distance is 3*40 Ar The reason for this is that 
carbon is ha an sp z hybridised state in diamond and an sp~ hybridised 
state in graphite. As a result in diamond adjacent planes are cross- 
linked by covalent bonds; in graphite adjacent planes are not linked 
by chemical bonds but are held together by Van der Waals forces. 
Because of these factors diamond is a hard substance but graphite 
flakes easily. The bonds in the graphite 'hexagonal rings are 1*42 A 
long which is the same as the bond length in carbon to carbon aromatic 
bonds. The bonds in diamond are 1*54 A long, and this is the same as 
the ordinary carbon to carbon aliphatic bond length. 

X r ray analysis has provided a method for investigating metals, and 
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the effects which take place on rolling, drawing, and heat-treatment. 
This work is of special value to the metallurgist. An X-ray study of 
steel and iron shows that when carbon is introduced into iron the large 
crystals of iron are broken up into a large number of small ones which 
interlace, and thus give to steel its strength. 

Substances such as cellulose and rubber have been studied by this 
method. Cellulose has been found to possess a definite structure. 

Vegetable and animal fibres, in general, give rise to X-ray diffraction 
patterns when a fine beam of X-rays is passed through a bundle, about 
1 mm. thick, of parallel fibres. These are usually called “fibre-photo- 
graphs”. A typical photograph for Ramie fibre is shown in Plate II. 


(a) Diamond 


m 

Graphite 


Fig. 88. — Structure of Diamond and Graphite. 

[Based on diagrams in Tutton’s Crystalline Form and Chemical Constitution 

(Macmillan).] * 


f The changes which take place when cotton is mercerised have been 
ihmidated by the aid of X-ray analysis. Rubber has been found to 
Hystallise and decrystallise as it is stretched and slackened. 

Outside the realm of purely experimental technique, the most out- 
standing advance in X-ray crystallography has been the mathematical 
treatment by Prof. J. M. Robertson of the practical data obtained by 

1 ? I TT ft 1. 1 _ :■■■ 






THE SOLID STATE 




the structure of durene (1,2, 4,5-tetramethyl benzene), and naphthalene, 
and since then it has been used for many other organic compounds. 
Since the crystal is essentially a periodic structure, the distribution of 
the scattering particles may be represented by a Fourier series. A 
Fourier analysis of the data reveals the detailed structure of the 
crystal and even the positions of the atoms in the molecules, the results 
confirming the conclusions of organic chemistry. For further informa- 
tion the student is referred to the original papers. 1 

139. Electron Diffraction in Crystals. — The fundamental point of 
wave mechanics (§ 67) is that moving electrons are associated with a 
wave-motion. As has been pointed out, in 1924 de Broglie showed on 
purely theoretical grounds that this should be so, and stated that the 
wavelength A of the motion would be given by A = hjmv , where h is 
Planck’s constant and mv the momentum of the particle. When this 
formula is applied to the case of moving electrons the wavelengths of 
the wave-motion associated with electrons which have fallen through 
potential differences of 10, 100, 1,000, and 10,000 volts, are found to be 
3*86, 1-22, 0-386 and 0-122 A respectively. If these wavelengths are 
compared with the wavelengths of X-rays, we find that they correspond 
roughtly with very soft, soft, hard, and very hard X-rays. In 1925 
Elsasser suggested that if de Broglie were correct, a beam of electrons 
should be diffracted at a crystal surface just as X-rays are. Davisson 
and Germer tested this with a plate of nickel. During the course of their 
work, their apparatus was, by accident, broken, and air entered. On 
repeating the work, the reflexion from the nickel was found to have 
altered, and this was ascribed to a change in the crystalline state of the 
surface of the metal. They then experimented with a single crystal of 
jflckel, allowing a beam of electrons to fall normally on the surface, and 
they found that the beam was not diffusely scattered, as the classical 
theory predicted, but that de Broglie’s theory wag true. A diffraction 
pattern was obtained which, if the wavelengths calculated by de Broglie 
were assigned to the electron beams, obeyed Bragg’s law. The work of 
many other observers in this field has also confirmed this. 

It is obvious that this discovery provided another method of attacking 
the problem of the structure of crystals, and some very important 
results have been obtained with it. Electrons have not the penetrating 
power of X-rays, and their action is confined to the first layer com- 
prising a few tens of molecules. It is thus a very suitable method to 
employ for the investigation of thin films, where the X-rays scattered 
from these films could not be detected. G. P. Thomson has carried out a 
number of experiments in this direction. ^Pure copper does not give 
diffraction rings, but on exposure to air for a short time the rings due to 

1 Beferenees will be found in British Chemical Abstracts (now British Abstracts }, 
onwards. The number of papers published on this method is too great for 
'detailed references to be given here. 
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cuprous oxide are produced. Similar oxide films were found on iron. 
The method has been applied to the study of “passivity”. When a 
piece of iron is dipped into concentrated nitric acid, it becomes passive, 
and is unattacked by the acid, and on removal from the nitric acid it is 
unattached by other reagents for some time. Two views have been held 
as to the reason for this. One states that an oxide film is produced, the 
other that an inert allotropic form of the element is formed. The former 
is the favoured view. If such a film were produced, it was thought that 
it should be indicated by this method of investigation, but it was found 
that no diffraction rings were produced. This is probably due to the 
fact that even a beam of electrons would not indicate a monomolecular 
film, such as the film of oxide may well be. It may, of course* not be 
crystalline at all, but amorphous, a view which is supported by the fact 
that the film of oxide which forms on aluminium when it is allowed to 
stand in air does not show any rings. The question is therefore left 
unsolved. 

There is, however, a wide field available for this method of investiga- 
tion, for our knowledge of thin films is very incomplete, and they are 
important in the study of metal corrosion, of plant and animal fibres, of 
fats on the surface of liquids, and of adsorbed gases. The fact that 
electron beams possess heating powers also makes this method useful 
for studying the changes in crystalline structure which take place at 
high temperatures. 

The results of structure experiments carried out by the electron 
diffr action method agree closely with those obtained by the X-ray 
methods. The method has been applied for finding the structure of 
platinised asbestos. Platinisation probably results in a splitting of the 
fibres. Davisson and Germer have investigated the structure of goljl, 
tungsten, molybdenum and cobalt by this method, using electrons of 
high speeds. Their results agree with the ordinary X-ray observations. 

140. Ionic and Covalent Radii, — Atoms and ions in a crystal are 
assumed to be spheres. When a bond between two atoms or ions is 
formed it is assumed also that the bond length (from centre to centre) 
is equal to the sum of the two radii of the spheres; the actual radii, 
however, depend on the typq of bond. 

From a study of the diamond lattice the radius of a carbon atom 
when it is covalently linked by single bonds to four other atoms c^h be 
determined. It is half the C — C bond length and so is 0*77A. Knowing 
this figure it is possible to determine the covalent radii of atoms such 
as nitrogen (0*74A), oxygen (0*74A), fluorine (0-72A), and many others, 
by measurement of bond lengths in the appropriate carbon compounds. 

The covalent radius of an atom is shortened when the atom is linked 
by a double or triple bond to a neighbouring atom. For example the 
covalent radius of carbon whep singly linked is 0*77A; when doubly 
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linked 0-67A; and when triply linked 0*6OA. In a conjugated system 
the radius will have neither the single, double nor triple bond value 
but will be of an intermediate length, which depends on the degree of 
conjugation in the system considered. Thus the carbon covalent 
radius in benzene is 0*7 1 A, which is between the carbon double bond 
(0-67A) and the carbon single bond (0-77A) values. (See also § 83.) 

In ionic bonds the link is always between two different atoms; so in 
the calculation of ionic radii there is no starting point, such as the 
determination of the radius of carbon from the length of the 0 - C 
covalent bond. Hence the values of two radii have to be assigned from 
other considerations. Once these values have been assigned it is possible 
to draw 7 up a table of ionic radii from the study of the bond lengths of a 
number of different combinations of ions. In ionic bonds it is found that 
the charge has an important effect on the radius of ions. In compounds 
containing ions with a co-ordination number of six and having a 
similar electronic structure such as Na + , Mg+ +, Al + + + and Si + + + + 
the corresponding radii are 0*95A, 0-65A, 0*5OA and 0*4lArespectively. 
These show a decrease in radius with increasing positive charge. This 
decrease is to be attributed to the tendency of the positive charge to 
draw the electron shell inwards. The opposite effect is observed in 
negatively charged ions, thus 0~ ~ has radius 1*40A, F~ 1-36A while the 
radius of F when covalent is 0*72A. The increasing negative charge is 
associated with an increase of radius. 

The applications of ionic radii to explain Fajans rules is clear. The 
smaller a cation the more intense its field and hence the greater its 
polarising power, that is its power to deform neighbouring electronic 
shells. The larger an anion on the other hand the more polarisable it 
wjll tend to be, i.e., its electron shell is more affected by neighbouring 
cations. The result of this is that a covalent bond will tend to form 
between a small highly charged cation and a large anion; this is because 
the electron shell of the anion is attracted by the positive charge of the 
cation leading to a sharing of electrons between them. An electrovalent 
bond is formed between a large cation and a small anion. Here there is 
little pull on the electrons of the anion and therefore little tendency for 
the electrons to be shared between the ion^(see § 79). 

The radii are greatly increased whep atoms are not linked together. 
For Example in graphite the distances between carbon atoms in different 
layers is 3*25 A, so the corresponding radii are T625A. Thus from 
measurements of distances between atoms it is possible to find whether 
those atoms are linked together or not. The radii may also be used to 
distinguish covalent and Ionic bonds. Id* a series of covalent com- 
pounds which have the same atomic number (i.e., the same total number 
of electrons), the sum of the covalent radii is constant. This does not 
hold for ionic bonds. 

Another instance in which ionic radii are important is in the packing 
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of ions in a crystal Here anions are packed around cations and vice 
versa. The co-ordination number of a particular ion (the number of 
ions that can be packed around it) will depend on the ratio of the radius 
of the ion to the radius of the ions packed around it. This radius ratio 
is an essential factor in determining the lattice type in which a particular, 
ionic compound crystallises. Other factors influencing crystal structure 
are the ease of deformation of the electron shells or the power of 
deformation that the components possess, and the repulsive forces 
between ions of like charge. The latter is especially important for 
compounds containing a very small cation, e.g. 3 lithium; in this example 
the anions packed around lithium are very close together and the 
repulsive forces between them affect the crystal form. 

141* Lattice Energies. — Three forces act upon an ion in a crystal 
lattice. Two of these forces are attractive in nature: these are the 
ordinary electrostatic force between oppositely charged ions (which 
decreases with the square of the distance) and the van der Waals force 
of attraction. The third force is the inter-atomic repulsive force which 
falls off very rapidly with distance. The three forces are in equilibrium 
in the crystal apd the energy of an ion plotted against interionic distance 
gives a curve similar to that shown in Fig. 89. The minimum point in 
the curve represents the interionic distance of minimum energy and 
hence maximum stability. Actually ions vibrate about this mean 
distance. The potential energy is considered to be zero when the ions 


Equilibrium distance 


Interionic distance . ^ 

Fig, 89.- — Curve of potential energy against mterionic distance. 

are separated by an infinite distance. The decrease in potential energy 
brought about by the formation of the crystal is equal to the lattice 
energy, which is the decrea^p in energy which results in the bringing 
of the ions from infinite separation to the positions they occupy in the 
crystal. The lattice energy can also be defined as the energy of forma- 
tion of the crystal from one mole of gaseous ions. It is equal and 
opposite to the energy of dissociation of the crystal. 


. i ligtft 
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As tfee mfcerionic distance is shortened from the equilibrium distance 
the repulsive forces increase very quickly and therefore the compressi- 
bility of a crystal should be small. Similarly the thermal expansion 
will take place against cohesive forces and will be small if these are 
large. The alkali metals have the greatest compressibility and the 
greatest thermal expansion among the solid elements. Here the 
cohesive forces are at a minimum. Atomic volumes and melting points 
also depend on cohesive forces; large cohesive forces are asociated with 
small atomic volumes and high melting points. 

142. The Specific Heats of Solids. — Dulong and Petit suggested 
in 1819 that the atomic heat (specific heat multiplied by atomic 
weight) of all solid elements is equal to about six. Many elements 
appear to conform to this rule, e.g., lithium 6-4, aluminium 5*7, 
arsenic 6*2 and silver 6*0. There are, however, many exceptions 
to the rule, e.g., boron 2*5, and carbon (diamond) 1*35. The Dulong 
and Petit rule was extended to compounds by Kopp. He stated 
that the molar heat of a compound is approximately equal to the sum 
of atomic heats. If we consider a compound made up of elements the 
atomic heats of which are about 6, then if n is the nun^ber of atoms in 
the compound, the molar heat is about 6n. Kopp’s rule of the addi- 
tivity of atomic heats is a fairly accurate one. 

The atomic heat of an element may be calculated on a classical basis 
in a manner similar to the calculation of the specific heat of gases. One 
gram atom of an element contains N atoms, A solid is made up of a 
lattice of atoms and each atom is vibrating about a mean position. The 
Vibration can take place in three directions and each mode of vibration 
has two degrees of freedom (see § 123), so for each atom there are six 
degrees of freedom. Each degree of freedom contributes energy § kT 
and the energy of one atom is 3 kT and for one gram atom is: 

3 NJcT = 3RT (because k 

NJ 

therefore E = 3RT 


This gives O v . Most measurements <*f heat capacity are taken at 
constant pressure; there is, however, a general equation (deduced 
thermodynamically) which for any substance at temperature T gives 
the relationship 

^ ^ TVa* 


where V is the atomic volume, and a the coefficient of thermal expansion 
and j3 the coefficient of the compressibility of the substance. Thus 
experimental measurements of C at constant pressure can be converted 
to C 9 , For most metals lies between 5 and 6 at ordinary temperatures, 
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which agrees with the value deduced above and with the Dulong-Petit 
law. 

According to the classical theory G v should be independent of tem- 
perature, Actually atomic heats are found to increase with increase in 
temperature. For example, the atomic heats of elements which are 
exceptions to the Dulong and Petit law increase as the temperature is 
raised, e.g., the atomic heat of carbon at 808° is 5-54 (see Fig. 90). To 
deduce from this, however, that the Dulong and Petit law is a limit i ng 
law is incorrect; the atomic heats of many substances which appear to 
obey it at ordinary temperatures rise with increasing temperature. 
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Fig. 90. — Curve showing variation of atomic heat at constant volume 
with absolute temperature for lead, silver, al umin ium and diamond. 


A quantum mechanical treatment of specific heats can now be 
given. As in the classical theory each atom is supposed to be vibrating 


about its mean position in three directions. The oscillation of eaSh 
atom is assumed to be independent. Solving the wave equation of an 
oscillator which is oscillating in one direction, shows that vibrational 
energy is quantised according to the equation 

E^(v+l)hv 

where y is the frequency (seconds ~ 2 ) and v an integral number known 
as the vibrational quantum number. This expression gives the possible 
energy levels available to the vibrating atom. The distribution of the 
various oscillating atoms about these energy levels is found by liking 
the Maxwell-Boltzman statistics. According to the Maxwell-Boltzman 
distribution the number of atoms (n v ) having energy E v is 

1 -Et JkT 

where fl is a constant. 

If the total number of atoms is JSf and we consider only oscillation in 
one direction, then N is foundry summing the number of atoms in 
each level over all the levels. 
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The total vibration energy of the N atoms is the sum of the number of 
particles in each level multiplied by the energy of the level and summed 
over all levels. That is 


In a crystal three directions of oscillation are possible for each atom 
hence 

ij= co 

3 N22 € v e~ ( vlkr 


Substituting (v + 1) hv for € 1 


3Nhv £(v -f- + i)hvlkT 


Ee-l* + WkT 


This expression becomes 


3Nhv£(ve: 


T 2 

The last term represents the zero point energy of the crystal {the first 
term is equal to zero when T is equal to zero). 

As " ’ Em^vlkT i 


r Av V hv ‘ hT 
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Tills expression for the specific heat was first derived, by. Einstein. 
(It may be pointed out, however, that Ms derivation took no account of 
zero point energy.) At low temperature the expession approaches zero 
but at Mgh temperatures when h v is much less than hT the expression, 
tends to SB in agreement with the classical theory and the Dulong and 
Petit law. The Einstein equation agrees well with experiment except 
at very low temperatures where the calculated values fall more rapidly 
to zero than do the experimental values. 

Debye accounts for the atomic heat of solids by assuming that a gram 
atom is made up of 3 N coupled oscillators instead of N independent 
oscillators each vibrating in three directions. This means that the 
various atoms are not oscillating with only one frequency but with a 
range of frequencies. The actual expression derived for the atomic 
heat is a complicated one. At low temperatures the Debye expression 
becomes <? <? > 

/T \ 3 ^ 

C v = 77*93 X SR(~ J 

Le., the specific heat varies with T z . 8 is a quantity known as the 
• hc<$ 

characteristic temperature; it equals — where o m is the maximum 

k 

frequency of oscillations of the atoms in the crystals. As pointed out 
above the expression holds only at low temperatures. T must be less 
8 

than — and tMs is usually less than 20° K. Measurements have 

10 

confirmed the Debye equation and it is used to calculate heat capacities 
at low temperatures when experimental values are being extrapolated 
to zero degrees K. TMs is important in the determination of entrop^ 
8 can be calculated from the elastic constants of the solid and when 
tMs is compared with 8 derived from specific heat measurements the 
agreement is good. *.. ■ 

PolymorpMsm. — Many solid substances exist in more than one 
modification. In fact, it is now correct to say that this is a general 
phenomenon, as it is known that the great majority of substances exist 
in more than one form. Thu? phenomenon is called * ‘polymorphism”, 
although it is customary in th8 case of elements to use the twin 
“allotropism”, or “allotropy”. There is no essential difference between 
these two terms, though “polymorphism” does not cover the allotropy 
of non-crystalline substances, such as oxygen and ozone, ortho- and 
para-hydrogen, active and ordinary nitrogen, and others. 

Polymorphism is due primarily to differences in crystal structure, 
giving rise to differences in physical properties, such as density. If a 
substance will crystallise in more than one crystalline form, the two 
forms are polymorphs. Thus a substance may crystallise in the cubic 
system, in one form, whilst it may also crystallise in the triclinic system, 
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thus providing a new form. Mercuric iodide is an example. When 
mercuric iodide is first precipitated it is yellow, but immediately changes 
to red. If the red form is heated to 126° 0., it changes into the yellow 
form, which on cooling re verts to the red form. The latter crystallises in 
the tetragonal system as octahedra, whilst the yellow form crystallises in 
the orthorhombic system as plates. Salts such as cupri-mercuric iodide 
show the effect even better. This salt changes from red to black on 
heating to about 70° 0., the reverse change taking place on cooling. 
Silver mercuric iodide changes from a buff colour to yellow at about 
40° 0., and changes back on cooling. 

144. Energy Content of Polymorphs.— Since polymorphism owes 
its existence to differences in crystal structure, or to differences in the 
number of atoms which go to make up a molecule, it Is clear that the 
polymorphs will have differing energy contents. The amount of energy 
contained by a substance will clearly be dependent upon the positions of 
the molecules in the space lattice, and their relative motion will be 
dependent upon the crystal forces. According to the second law of 
thermodynamics (§ 112), no change can take place spontaneously unless 
it is accompanied by a decrease in the free energy of the system. Con- 
sider again the case of mercuric iodide. The transformation of the 
yellow form into the red which takes place spontaneously is a typical 
example of such a process. The second law, then, states that this 
change cannot take place unless there is a decrease in the free energy of 
the system. It follows that the less stable form has the greater energy, 
and the more stable form is produced from it with loss of energy. When 
the unstable yellow form of mercuric iodide is transformed into the 
stable red form, energy is given out in the form of heat, and this energy 
fuust be supplied (by means of a Bunsen burner, or some other source of 
heat) if it is desired to convert the red form hack into the yellow. 

This, then, is a special case of a general theorem. Any spontaneous 
change is accompanied by a decrease in the free energy of the system. 
Certain cases of allotropic change are examples of spontaneous changes. 

The fact that the energy of the stable form is less than that of the 
unstable form gives rise to differences in the vapour pressure of the 
forms. Vapour pressure is dependent upon the escape of molecules 
frogn the crystal lattice. When the mcfiecules possess sufficient energy to 
vibrate in the lattice violently enough, they escape from the lattice, 
forming vapour. The vapour pressure of a solid is therefore some 
indication of the energy possessed by the molecules. It would be 
expected that the more stable form possessing less energy, and the 
molecules being therefore unable to vibrate with as great violence, 
would possess the lower vapour pressure, and the less stable form the 
higher vapour pressure. This is found to be true. 

It would also be expected that therform possessing less energy, viz., 
the stable form, would be less reactive chemically, and this is usually so. 
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The differences in vapour pressure of various forms of the same 
substance give considerable information as to the stability of the forms. 

It was mentioned above that there was a spontaneous transformation 
• of the less stable, or labile, form into the more stable form. This does not 
always start itself, but requires some sort of a send-off. Many such 
examples are known. Thus, mercuric iodide may be kept for some time 
in the yellow form without returning to the red, but when it is touched 
by a rod, or scratched, it changes at once. Sulphur may be kept in the 
monoelinic form for some time, hut if it is rubbed, the change to 
rhombic takes place rapidly. ■ Substances which are in the labile state 
when the surrounding conditions are such that they would ordinarily be 
in the stable state, are said to be in the mefcastable condition. Many 
substances are capable of remaining in the metastable condition for a 
very considerable period, and particularly is this true of metals. In an 
English winter the ordinary form of tin is usually metastable. There are 
three forms of this metal, two of them being white tin and grey tin. 
The former is stable above 18° C., and the latter below this temperature. 
Hence, whenever the temperature falls below 18° 0., as it frequently 
does in winter time, tin in its usual form is metastable. Tin articles 
have been known to change to grey tin in severe winters. Grey tin has a 
considerably smaller density than that of white tin (5-7 and 7-28 respec- 
tively), so that the change is accompanied by expansion, and the article 
usually falls to a powder. Such a change is commonly referred to as tin 
plague. It is related that when Napoleon marched his men out of 
Russia in 1812 the temperature was so low that the change from white 
to grey tin took place fairly easily, and the tin buttons and medals ’’of 
the soldiers crumbled away. :'Q 

As the temperature in this country is quite frequently below the 
temperature at which the one form of tin changes into the other, tm 
often becomes metastable and remains in the white form, although it 
should be converted into grey tin. If this change did occur, tin would 
be almost useless as a metal. 

The temperature at which two forms of a substance become equally 
stable is called the transition temperature. It is the temperature at 
which both forms possess the same vapour pressure, and the same 
solubility, and may obviously be obtained by finding the point of inter- 
section of the vapour pressure, or solubility curves. At a temperature 
slightly below this, one form becomes metastable and passes into the 
other, whilst at a temperature slightly above it the reverse change takes 
place. The transition point of the two forms of tin referred to above is 
18° C. , whilst that of the forms of mercuric iodide is 126° 0. 

Table XXXVI gives the transition points of various systems. 

145. Types of Allotropy. — The distinction between various types of 
allotropy rests upon differences in the way in which the transition of 
one form to the other can be brought about. 
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In the first place, there are substances, the two (or more) forms of 
which are converted into each other at a definite temperature, the 
transition point. Examples of this type have already been given 
(mercuric iodide, tin). When the substance is heated it changes from 
form A into form B, and the reverse change takes place on cooling. This 
is an example of a reversible transformation, and this type is called 
enantiotropy, It is well illustrated by the examples already given, to 
which may be added sulphur, the details of which are given in the table 
and in § 146. 

Secondly, transformations are known which proceed at all tempera- 
tures in one direction. There is no definite transition point. The 
transformation of ozone into oxygen is a good example of this class. 
This is called monotropy , and is a case of irreversibility. Thus ozone 
breaks down into oxygen at all temperatures, but a reversal of the 
process by which the change was started does not lead to the re-forma- 
tion of the ozone. 

Thirdly, two allotropes may exist together in equilibrium. One form 
may be changing into the other at exactly the same rate as the reverse 
process is taking place. This is called dynamic allotropy , and is exem- 
plified by liquid sulphur, which consists of a mixture of two forms of 
sulphur, designated as SA and $fi, which are in equilibrium with each 
other, the proportions of each present being determined by the 
temperature. 


.Form. 


■ Transition Point, c C. 


Sulphur 

Tin 


Rhombic ** Monoclinic 
f Grey v* White 
1 White Rhombic 


Zinc 

Ammonium chloride 
Mercuric iodide 
Silver iodide . 
Silver nitrate , 


Tetragonal ^ Orthorhombic 
Hexagonal ^ Regular 
Rhombic Rhomboljpdral 


146. Study of a System of each Type.— (a) Enantiotropy.— As 
already stated, a good example of this is the change of rhombic into 
monoelinie sulphur. If the vapour pressure of the rhombic form of 
sulphur is determined at various temperatures, the curve AB (Fig. 91) 
is obtained. There is, however, an abrupt change in the course of this 
curve at B, the temperature here feeing 95-6° 0., and this is due to the 
change of the sulphur from the rhombic into the monoclinic form. In 
accordance with expectations, the vapour pressure of this form is 


A ; 
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greater than that of the rhombic. At higher temperatures still, in the 
neighbourhood of 120° C., there is another abrupt change in the vapour 
pressure curve, and at this point the monoclinie form is converted into 
liquid. If the curve is continued it represents the vapour pressure of 
liquid sulphur, and ultimately a point will be reached at which the liquid 
boils, i.e., the vapour pressure becomes equal to the superimposed 
atmospheric pressure. The curve can then be continued to the critical 
point (see § 159). 

If now the conditions are reversed, and liquid sulphur is cooled from 
its boiling point, the vapour pressure follows the curve BO. It is possible 
to make the vapour pressure continue along the curve to E, without 
suffering any abrupt change at 0. This happens when the liquid is super- 
cooled, and no solid separates out , If, however, supercooling is prevented 
there is an abrupt change in the direction of the vapour pressure curve at 
0, and the monoclinic form is produced — this being the stable form at 
this temperature. As this is cooled 
the curve CB is followed, and as 
in the case of liquid sulphur it is 
possible to supercool this form 
somewhat, no rhombic sulphur 
being formed. If this is so the 
curve BE is followed. If not the 
curve BA is retraced. 

Obviously this is an enantio- 
tropic system, for the changes are 
completely reversible, and there 
are definite transition points. 

Enantiotropic changes are also characterised by the fact that the 
transition points of the solid forms lie below their meifcing points. The 
melting point of the rhombic form will be given by the point of inter- 
section of the vapour pressure curves of the rhombic form and the liquid 
form; it is shown on the curve as the point E. The transition point of 
rhombic and monoclinic sulphur, i.e., B, lies below the melting point of 
the rhombic form G and that of the monoclinie form C. 

(b) Momtropy . — Another class of substances exhibiting poly- 
morphism is that in which the change from one crystalline form to the 
other is not reversible. It is possible to pass only in one direction* The 
reason for this is that the melting point lies below the transition tempera- 
ture of the two crystalline forms. Examples of this type of polymorphism 
are furnished by the compounds iodine chloride, 101, and benzophenone. 
Each of the crystalline fo^ms of these substances has its own melting 
point, those of iodine monochloride being 13*9° 0. and 27-2° C. and those 
of benzophenone 26° C. and 48° C. In each case the transition point lies 
above the melting point. 

If a vapour pressure — temperature diagram is drawn to represent 


Temperature °C 

Fig. 91.— -Vapour Pressure Curve 
of sulphur {enantiotropic System 1 ) 1 . 


274 


THE SOLID STATE 





this type of system a graph of the form shown in Fig. 92 is obtained. 

The curve AP 2 is the vapour pressure curve of the stable form, II, of 
the substance. At the temperature represented by P 2 the substance 
melts and passes into the liquid state, of which the vapour pressure 
curve is P 2 B. The corresponding vapour pressure curve for the metast- 
able form is CP 2 . This form melts at Pj, and the curve, P X B is the 
vapour pressure curve of the liquid. The actual transition point of the 
two crystalline forms would be P 3 , the point of intersection of the vapour 
pressure curves of the two forms, but as this is above the melting point 

of both forms it is never reached. 

Ji (c) Dynamic AUotropy. — Certain 

/! allotropic forms of elements are capable 

| / / S® of existing together in a state of equili- 

| brium. There is no question of a transi- 

| tion point. The proportion of any one 

| form present at equilibrium is dependent 

upon the temperature, and sometimes 
upon the pressure. 

The best-known example of this is the 
allotropy of the two liquid forms of 
sulphur, SA and Sp, which coexist in 
ordinary molten sulphur. These forms 
differ in molecular complexity. This type of allotropy can only exist 
when the forms involved are miscible, or partly so. 

147. Enantiotropy and Monotropy Combined,— It is possible for 

thertwo types of allotropy — enantiotropy and monotropy— to exist in 
the same system, if the substance concerned can exist in more than two 
crystalline forms. Sulphur is a case in point. It can exist in eight 
different crystalline forms, but of these the only two which show the 
relationship of enantiotropy towards each other are the rhombic and 
monoclinie forms. All the other forms are metastable with respect to 
rhombic and monoclinic sulphur, even up to the melting point, i.e., 
their transition points lie above the melting point, and they are there- 
fore monotropic. ■■ft 

148. Methods of determining Transition Points.— There are several 
methods by which transition points may be determined, though in any 
particular case it is usually found that 'one presents many advantages 
over another. Besides their use for investigating the transition of on© 
allotropic form into another, many of these methods are applicable to 
the study of equilibrium between salt hydrates (§ 220). 

Thermometric Method. It may be regarcjed as a general rule that, 
when one phase changes into another, heat is either absorbed or liberated. 
Thus, if water is gradually heated, its temperature slowly rises until the 
boiling point is reached, when it remains stationary until all the water 
haa boiled away. This is due to the feet that heat is taken up in causing 
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Fig. 92. — Vapour Pressure 
Curve for a Monotropic 
/ System.' . 
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Fig, 93, — Cooling Curve for Iron. ^ 

As one form of iron changes into another, there is an evolution of heat, 
causing the ascents in the curve. From the melting point down to 
1,400° C. a form of iron known as 8-iron is stable. Little is known about 
it. From 1,400° C. to 895° C., y-iron is the stable form. Where the 
8-form changes over to the y-form there is an evolution of heat, not 
very large, but sufficient to cause a slight hump in the curve, y-iron is 
the form in which iron usually crystallises from its alloys. It has the 
power of forming solid solutions with carbon. At 895° C. y-iron changes 
into a-iron, and here there is quite a large evolution of heat. This was 
the first of these transition points to be discovered, for the amount of 
heat evolved is much greater than at the other transitions. If a piece of 
iron heated to 1,000° C. is allowed to cool, the amount of heat given out 
at this temperature is sufficient to cause the iron to glow, and hence the 
phenomenon has been termed recalesceTice. y-iron has no magnetic 
properties. At 766° C. the o-form becomes magnetic, a-iron is the 
: principal constituent of wrought iron, . ' * . - 
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the change of state— the latent heat of evaporation. Similarly, if water 
is cooled, its temperature gradually decreases until the water starts to 
freeze, when it remains constant. When all the water is converted into 
ice the temperature again falls. 

The same considerations affect, the change of phase which: takes, place, 
at the transition point. If a substance is cooled from above the transi- 
tion point, when the transition point is reached the temperature remains 
constant, or may actually appear to increase a little if any considerable 
supercooling takes place. This is well shown by the figures obtained in 
the cooling of iron. If iron is cooled from its melting point and the 
difference in temperature between a platinum wire cooling with it, and 
the iron itself, is noted at different temperatures, and the results are 
plotted, a eurve is obtained similar to that shown in Tig. 93. 
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DUatometric Method. When one allotropic form changes into another 
there is usually a change in volume. To determine the transition point 
it is necessary to determine the temperature at 
which this change in volume occurs. This can be 
done by means of the dilatometer, an instrument 
somewhat like a thermometer in design, but having 
a larger bulb. Originally, the instrument is made of 
the form shown in Fig. 94, i. The bulb A has not 
yet been sealed off. It is connected to a capillary 
tube, backed by a scale. The substance to be 

examined is introduced into the bulb A through the 
■A A tube B, which is then sealed off. A liquid which does 

not act chemically on the substance to be examined 

A is introduced into the tube, so that it covers the 

solid, and reaches a level on the scale. The 
1 IB ^ apparatus is now gradually warmed in a bath, of 

j jj which the temperature is noted. At each reading 

of the temperature, the height of the liquid in the 
Fig. 94. — Dilato- j s no ted. Up to a certain temperature (the 
meteI (ii.) 1 6 ’ transition point), the liquid will rise uniformly in 
the tube, as there is uniform expansion of liquid 
and solid, but at the transition point there will be an increase in volume 
of the solid due to change in its form, and hence an additional rise of the 
liquid in the tube. After this the expansion is once again uniform. On 
coqjing, the reverse series of changes takes place. 

Usually there is a certain lag in the expansion or contraction, and 
the curves obtained for the two eases are shown in Eig. 95. The 
curve ABCD is the heating curve; the curve DCEP is the cooling curve. 
If there were no lag, the portions of the curve indicating a rapid increase 
in volume would coincide. It is obvious that they do not. The correct 
transition point is the mean of the temperatures indicated by the two 
processes. 

Another method of using the dilatometer is to fill the bulb with a 
mixture of the two forms, the transition point of which is to bo deter- 
mined. If the instrument is now placed in*a bath, the temperature of 
which is exactly the transition point of the two forms, they will not be 
altered in any way, and consequently there will be no change in volume. 
If am expansion is found, the temperature of the bath is altered until 
there is a slight contraction. He transition point lies between these 
two temperatures, and can he determined by careful adjustment of the 
temperature of the bath. The method was fised by Reieher (1884), to 
determine the transition point of rhombic and monoclinic sulphur. A 
mixture of the two forms was placed in the bulb, and a mixture of 1 part 
of carbon disulphide and 5 parts of turpentine was used as the indicating 
liquid. The results obtained are summarised in Table XXXVII. 



change. The dilatometer in this experiment was sealed, and the 
pressure developed was about 4 atmospheres. The value of the transi- 
tion point obtained must be corrected if the value at atmospheric 
pressure is required. 

Measurement of Vapour Pressure . It has already been noted that 
the vapour pressures of allotropic forms are different, but it is obvious 
that at the transition point they become the same. If, then, the tempera- 
ture at which the vapour pressures of two allotropic forms become 
identical can be determined, this will be the transition point. The 
simplest method of determining the vapour pressure of a solid is by 
means of a tensimeter. One form of the apparatus (illustrated in 
Fig. 98) consists of two bulB tubes connected to the limbs of a U-tube. 
The U-tube is filled with some manometric liquid such as pump oK If 
it is desired to find the vapour pressure of a salt hydrate, some of the 
hydrate is placed in the bulb d, and concentrated sulphuric acid in e. 
The necks d' and e' are then sealed off. The instrument is now placed on 
its side so that the liquid in*the U-tube runs into the bulbs a and b , and 
it is exhausted by a pump connected at /. After complete exhaustion, 
the neck is sealed at /. The apparatus is now set up vertically in a 
thermostat, and the differences in the levels of liquid in the U-tube 
noted. The vapour pressure of flie sulphuric acid may be taken as zero, 
hence the difference indicated is a measure of the vapour pressure of the 
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It will be noticed that at 95*1° 0. there is a contraction. Since the 
specific volume of monoclinic sulphur is greater than that of rhombic 
sulphur, this signifies a transformation of the monoclinic into the 
rhombic' form. At 96*1° 0. there is an expansion, showing that the 
reverse change is taking place. At 95*6° 0. there was practically no 
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salt hydrate. Observations are made at various temperatures. 

When dealing with allotropes, one form may be placed in one bulb 
and one in the other. Both bulbs are heated to the same temperatures, 
andnrhen their vapour pressures become equal there will be no difference 
In level in the TJ-tube. At this temperature both substances are equally 
stable, i.e., the temperature is the transition temperature. 

All the usual methods for determining vapour pressure can be 
used also for these measurements, but the one described is the most 
convenient. 

Change in SduhilUy. At the transition point, the solubility of the 

* Tills table is taken from A. Findlay, The Phase Bute (Longmans), 1928, p. 284. 
The student is referred to this book for further details of the determination of 
:; ; t?«as|fcidn points. r ’ , 







TRANSITION ■ POINTS 279 

two forms becomes the same. The method is, however, usually employed 
for determining transition points between salt hydrates. Thus, if the 
solubility of ordinary crystalline sodium sulphate is plotted, it is found 
that there is a distinct break at 32*383° C. At this temperature sodium 
sulphate decahydrate, Na 2 S0 4 . 10H 2 O, is converted into the anhydrous 
salt, which has a solubility curve altogether different from that of the 
hydrate. The temperature at which the break occurs is the transition 
point between these two forms (Pig. 97). 

Ammonium nitrate exists in five different crystal fine forms. In each 
case there is a different solubility curve. The form known as /3-rhombic 


passes into y-rhombic at a temperature of about 32° C., and so there is a 
break in the solubility cuiYe at that point (Fig. 98). The point where 
the break occurs is really the point of intersection of two separate 
solubility curves, and at that point both forms have the same solubility. 

Optical Methods . Sometime^ there is a visible alteration in one form 
when it changes into another. Thus the colour changes of the mercuric 
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iodide complex salts, and of the mercuric iodide itself, can readily be 
observed, and the temperature at which the change takes place is the 
transition point. Changes in crystalline form, when unaccompanied by 
changes in colour, may be observed under the microscope. Also, changes 
in the refraction of crystals can be thus observed. 

Electric Methods. When a metal is placed in a solution of one of its 
, salts, there is a potential difference 

•-.^•383‘t between the metal and the solution. 

J The amount of this potential difference 

| w depends upon the form of the metal, 

t and the concentration of the solution. 

If, therefore, an electrical cell is made 
Temperature up of a metal, say tin, with one electrode 

Fiq. 97. Solubility Curve of one allotrope and the other of the 
of Sodium Sulphate. other allotrope, placed in a solution of a 

salt of a metal, say ammonium stannichloride, the cell will possess a 
certain electromotive force (E.M.F.), which could send a current through 
an external circuit. If arrangements are made to warm the cell, the two 
forms become equally stable and have the same potential with respect 
to the solution when the transition point is reached. Hence, at this 
temperature the cell has no E.M.F. It is thus possible to determine the 
transition point with accuracy. The method will be more fully under- 
stood after reading Chapter XVI. 

Other Methods. The transition temperatures of some salts have been 
found by plotting the viscosities of saturated solutions at various 
temperatures. A sharp break in the viscosity curve occurs at the 
transition point. ■ 

•An interesting method that has been used to determine the transition 
point between a- and /bzinc is the resistance to indentation. 

Conductivity for heat and electricity has also been used for this 
purpose. Indeed, it may be said that almost any physical property can 
be used for determining transition points, for the physical properties of 
allotropes or polymorphs usually differ considerably. 

149. Comparison of Melting Points and Transition Points. — 
(!) Analogies. — (a) Both transition temperatures and melting points 
are perfectly definite temperatures, and may be used for thermometric 
standards. It is usual to employ the melting point of ice as a fixed point 
in thermometry , but transition points are equally suitable and have 
frequently been proposed as subsidiary standards. Many transition 
points are known correct to one4housandth of a degree. Thus, the 
transition point of sodium sulphate decahyiirate to the anhydrous salt 
is known to be 32*383° C., and has been proposed as a fixed point in 
: thermometry.' 

(h) Both transition points and melting points are affected by 

pressure. The way in which the transition point is altered depends, like 
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the case of the melting point, on whether the new phase occupies a 
larger or smaller volume than the old. Some substances expand on 
transition. In this case the transition point is raised by increase of 
pressure. If contraction occurs on transition, increase of pressure 
causes a lowering of the transition point. This is an application of the 
theorem of Le Chatelier and Braun 1 that whenever a constraint is 
placed on a system in equilibrium, the 
equilibrium is altered in such a way as to 
tend to annul the effect of the constraint. 

The effect of an increase in pressure on a 
body is to decrease its volume. Consider 
two forms of a substance, A and B, the 
form A being stable above the transition 
point, and B below it. kSuppose the two 
forms are existing together in equili- 
brium at the transition point. When the 
extra pressure is applied, the result is to 
transform the substance entirely into 
that form which has the smaller volume, 
thus tending to annul the effect of the 

pressure. In other words, the equilibrium condition is entirely upset, 
and in order to restore it the temperature must be raised or lowered. 
Thus, the new transition point will be either above or below the old, 
according to which form has the less volume. 

(c) At both transition point and melting point there is an evolution 

or absorption of heat when passing from one phase to the other. The 
stable form at higher temperature always passes into that stable at 
lower temperature with heat evolution, a fact made use of in the deter- 
mination of transition points by the thermometric method already 
referred to. The same applies to melting points. The reverse effect is 
found in the transition from a form stable at low temperatures to that 
stable at high temperatures. Here there is an absorption of heat. Both 
these effects follow from Le Chatelier’s theorem. At the transition 
point both forms are equally stable. If the mixture of the two forms at 
the transition point is heated, the equilibrium will be shifted in such a 
way that heat is absorbed. Heftce the form stable at high temperatures 
must be formed with absorption of heat . On the other hand, if the mix- 
tare of two forms at the transition point is cooled, that form will be 
produced which is stable at low temperatures, and it will be formed with 
evolution of heat. , I'yf'- ' 

(d) The addition of a second substance causes the transition point to 
be lowered, just as it causes a depression of the freezing point. 

(2) Differences . — (a) Transition points usually mark the change from 

1 This theorem is sometimes referred to simply as the theorem of Le Chatelier, 
and. sometimes as the theorem of Le Chatelier and Yan’t Hoff. 
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one solid phase to another solid phase, whereas the melting point marks 
the transition from a solid to a liquid phase. The change in the case of 
transition will b© considerably slower than with melting, for the move- 
ment of molecules in solids is slower than in liquids, and it will therefore 
take a longer time to rearrange the molecules. 

(6) Arising out of this, it is clear that owing to the difficulty experi- 
enced by molecules of solids in changing their arrangement, it is quite 
possible to superheat a form without the transformation taking place. 
Thus it is possible to superheat rhombic sulphur and get no monoclinic 
sulphur formed. This is not possible with the melting point. It is 
almost impossible to superheat a solid above its melting point. 

150. Study of some Common Allotropic Systems. — (I) Sulphur.— 
There are said to be more allotropes of sulphur than of any other 
element, but there is not the slightest doubt that many of the so-called 
“allotropes” are mixtures. The chief forms are: — 
a-Sulphur (Rhombic or Octahedral), 

/5-Sulphur (Monoclinic or Prismatic), 

Nacreous Sulphur. 

Tabular Sulphur, 
y-Sulphur (Plastic), 

S-Sulphur (Amorphous), 

Colloidal Sulphur, 

A-Sulphur, 

ft-Sulphur, forms of liquid sulphur. 

7r-Sulphur (possibly) 

The allotropy may conveniently be considered under the headings:-— 

* I. Solid equilibria, enantiotropic changes. 

II. Crystalline solid monotropic forms. 

III. Liquid sulphur. 

IV. Colloidal systems. 

L — Ordinary a-sulphur is enantiomorphic with /5-sulphur. When 
a-sulphur is heated to 95*6° C., it is converted into the /5-form, and when 
the latter is cooled it reverts to the a-form at this temperature — the 
transition point. The molecular formula of these two varieties is S 8 . 
Thi^fommla has been obtained by studying the lowering of the freezing 
points of certain solvents, on dissolving known amounts of the forms in 
them. Study of the elevation of the boiling points of these solvents, 
when sulphur is dissolved in them, leads to the same result (§ 282). 

II. Nacreous, or mother of pearl sulphur, was discovered by Gernez 
in 1884. Molten sulphur, after heating in a test-tube to above 150° 0., is 
cooled down to, and maintained at, a temperature of 100° G, in a water- 
batk On gently scratching the walls of the tube with a glass rod, the 
sulphur^ crystallises in the nacreous form. It can also bo obtained by 
crystallisation of a solution of sulphur in benzene, but special conditions 
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must be observed. It is monocliBic, but has not the same interfacial 
angles as /2-sulphur. This is an example of monotropy in the sulphur 
system, for nacreous sulphur is always metastable, changing to rhombic 
or monoclinic sulphur according as the temperature is below or above 
95*6° 0. It is, however, possible to melt nacreous sulphur at 106*8° 0., 
before it has had time to change into another solid form. 

Tabular sulphur is said to be formed when solutions of ammonium 
sulphide in alcohol are oxidised at temperatures below 14° 0. It is also 
monoclinic, but with different angles from /2-sulphur. Like nacreous 
sulphur, it is a monotropic form. 

III. — Liquid sulphur presents a difficult problem. When sulphur is 
heated to a temperature above its melting point it forms, at first, an 
amber-coloured liquid, which, as the temperature is increased, becomes 
darker and more viscous, until, at one stage, it cannot be poured from 
the tube. As the temperature is increased still further, the liquid 
becomes more mobile, until finally it boils. The changes in colour and 
other physical properties are due to the change in the relative propor- 
tions of two allotropes, known as A-sulphur and p-sulphur. Aten 
(1912-13) believed that another allcrtrope, 7r-sulphur, was also present 
in the liquid, but this conclusion is open to some doubt. It is now 
generally considered that liquid sulphur consists of the two allotropes, 
SA and S/i, in dynamic equilibrium (Oh. X.). These two allotropes 
are not completely miscible, but form a sol (§ 347). The amber-coloured 
liquid formed when sulphur first melts seems to be pure SA, but as the 
temperature is increased S/x is formed in increasing quantities, untiLat 
the boiling point, the liquid is almost pure Sfi. Sp is probably colloidal, 
and has a high molecular weight. From the work of West and Menzies 
on the thermal data for liquid sulphur, high molecular weights are to be 
expected, possibly as high as S 16 . 

IV. — When liquid sulphur is rapidly cooled, plastic sulphur, or 
y-sulphur, is produced. The nature of this form may vary, since it will 
depend upon the composition of the liquid from which it is prepared. 
It is a rubber-like mass, and may be a gel (§ 346), since sols (liquid 
sulphur is a sol) often give gels on solidifying. If this is so, the con- 
tinuous phase is, probably, jg-sulphur, and the disperse phase /^-sulphur. 
The structure of plastic sulphur has been studied by Trillat and 
Forest ier, who find that this form is not amorphous, as would be the 
case if it were merely a supercooled liquid like glass. X-ray examination 
shows that the sulphur gives a "fibre photograph”, with a definite 
crystalline form. This ma^ be due to the /2-sulphur. These observers 
noted also that exposure to X-rays caused a rapid conversion of plastic 
into rhombic sulphur. 

Colloidal sulphur itself is frequently produced in chemical reactions 
involving sulphur compounds Thus, when dilute hydrochloric or 

sulphuric acid is added to a dilute solution of sodium thiosulphate, a 
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solution, is obtained containing colloidal particles of sulphur. The 
colloidal sulphur may be coagulated by the addition of an electrolyte. 

The nature of amorphous sulphur, 8-sulphur, has not yet been fully 
established. It may be found to be micro-crystailine. It is obtained by 
adding an acid to a solution of a polysulphide, such as yellow ammonium 
sulphide. The fact that it is soluble in carbon disulphide, like a- and 
/2-sulphur, lends support to the view that it may be micro-crystalline. 

(2) Phosphorus . — There arc three real allotropes of phosphorus, which 
are named according to their colour, white, violet and black phosphorus. 
Red phosphorus is a solution of violet in white, whilst the so-called 
<£ searlet phosphorus 5 ' of Schenck is merely violet or red in a fine state of 
division. 

White phosphorus, which is the form commonly occurring, is not the 
stable form. The system is monotropic. There is no definite transition 
point between white and violet phosphorus, as the transition point lies 
above the melting point. When the liquid obtained from any form is 
cooled, if does not follow the stable curve, but passes across to the 
metastable, along P^i Eig. 92, Thus white phosphorus is always 
formed as a result of cooling liquid phosphorus. This follows the "law 
of successive reactions” enunciated by Ostwald (§ 153). 

White phosphorus is the metastable form, and that this is so is 
evident from many of its properties. It is by far the most reactive form. 
It therefore contains more energy than red or violet. More heat is 
given out in its combustion. It will glow. It has the greater vapour 
pressure at ordinary temperatures. 

Violet phosphorus is obtained by crystallising phosphorus from 
molten lead or bismuth, and then dissolving away the metal eleetro- 
lytically, or with nitric acid. This form has a much lower chemical 
activity than the white form. It does not glow, and it has a lower 
heat of combustion. It also has a lower vapour pressure at ordinary 
temperatures. 

Red phosphorus is known to be a solid solution of white in violet, 
because of its varying properties. According to its mode of preparation, 
it contains varying amounts of white phosphorus, which can be 
removed by careful washing with water, when the violet form is left. 
It also varies in colour, though thh? may be due to variation in 
particle size rather than in composition of the solution. 

The point to be emphasised about the allotropes of phosphorus is that 
they form a monotropic system, there being no transition point. 

By exposing white phosphorus to great pressure at 200°, Bridgman 
prepared a black form of phosphorus. In properties this is similar to 
violet, but is a better conductor of heat and electricity. 

White phosphorus appears to exist in two forms with a transition 
point at - 77° C. at amospheric pressure. 

Carbon,— Them are probably only two allotropes of carbon — < 
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diamond and graphite. At one time it was customary to call each form 
of charcoal an allotrope of the element, but X-ray analysis shows that 
some of them are microcrystalline and hare the graphite structure, and 
therefore should not be called separate allotropes. They are probably 
merely graphite in a very fine state of division. This may be true of all 
the charcoals — or so-called “amorphous” forms— although all of them 
have not yet been examined. 

Diamond and graphite differ in their crystalline structure, but as 
regards their stability there is very little difference. This accounts for 
the fact that transition from one form to the other is extraordinarily 
slow. The heat of combustion of diamond is - 7,873 gm.-cals. per 
gram, whilst that of graphite is - 7,836 gm.-cals. per gram. These 
figures indicate that the intrinsic energies of the two forms are almost 
identical, but that diamond, as it contains slightly more energy, is the 
metastable form at ordinary temperatures. However, the conversion 
of diamond into graphite has never been observed to take place spon- 
taneously at any temperature. 

(4) Nitrogen . — If the silent electric discharge is passed through 
nitrogen, a form of the gas with enhanced activity, called “active” 
nitrogen, is produced. This active nitrogen, as would be expected, is 
very unstable. It changes back to the ordinary form with the emission 

of light. 

The chemical activity of the gas is shown by the fact that it combines 
directly with the vapours of many metals, giving nitrides. It reacts 
with sulphur at 100° C., giving a mixture of nitrogen sulphides. It also 
combines directly with phosphorus and with many types of hydro- 
carbons. With nitric oxide, a very peculiar reaction takes place: — 

N active + 2N0 = N0 2 + N 2 . 

The nature of active nitrogen is still unknown. As the glow is 
increased by cooling, and decreased by heating, it was at first thought 
that the re-formation of nitrogen molecules was taking place by the 
combination of smaller units, such as atoms. Heat would tend to prevent 
this. If active nitrogen consisted of atoms of nitrogen, or of molecules 
with the formula N 3 , it ought to be possible to liquefy the gas, but this 
has never been done. If, too, 4he gas eonsisted of single atoms ; the 
amount of energy imparted by the discharge should be sufficient to 
cause the breakdown of the molecules to form these atoms, but calcula- 
tion shows that it is quite insufficient for this task. It seems probable 
that energised molecules are produced by the electric discharge. Sir J. J. 
Thomson suggested that ti?e outer ring of electrons, which in ordinary 
nitrogen contains five, may divide into four and one, thus giving a 
molecule with increased energy. 

(5) Hydrogen . — It has been shown that ordinary hydrogen consists 

of two distinct forms which differ slightly in physical properties. Their 
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existence was predicted from calculations based on wave-mechanics. 
Hydrogen was stated to be capable of existence in two forms differing 
in nuclear spin (§71). A short time later, hydrogen was actually 
separated into its two allotropes, by fractional adsorption on charcoal 
under pressure, at the temperature of liquid air. The two forms are 
called ortho- and para-hydrogen, and the ordinary gas is an equilibrium 
mixture containing about 75 per cent , of the ortho form. As an example 
of differences of properties of these two forms of hydrogen, melting 
points may be quoted: that of para-hydrogen is 13*83° Abs., that of 
ortho-hydrogen is 13*96° Abs, There is also a difference in boiling point, 
and m specific heat. The allotropes of hydrogen must not be confused * 
with the isotopes of the element. 

(6) Tin . — Tin is a trimorphous metal. The upper transition tempera- 
ture is 202*8° C. , and the lower 18° C., though some estimates have placed .;, 
the latter at 13° C. Reference has already been made to the existence of 
two enantiomorphous forms of tin with the lower transition point, and 
it was pointed out that ordinary white tin is frequently in the metastable 
condition in this country. The change from white to grey tin is very 
sluggish, but the reverse change from grey to white is not so slow, and 
takes place rapidly when hot water is poured over grey tin. The change 
from white to grey takes place much more readily when nuclei of grey 
tin are already present, and it therefore appears to spread by infection; 
hence the name “tin plague 5 ' which has been given to this change. 

The transition at the higher temperature is from tetragonal to 
rhombic crystals. # Tetragonal tin has the highest density of the three ; 
forms. 

18° C. 202*8° C. 

10 Grey tin ^ Tetragonal tin ^ Rhombic tin 

Sp.gr. Sp.gr. Sp.gr. 

5*80 7*286 6-56 


(7) A niimony. — -Antimony exists in a number of allotropic modi- 
fications. Yellow, or a-antimony, is very unstable, and is formed by the 
action of ozonised oxygen on liquid stibfii© at - 90° 0. It changes 
readily into a black powder, thought^to be amorphous. This in turn 
soon changes into the ordinary form of antimony, the rhombohedral or 
j6-form, at ordinary temperatures. Amorphous antimony was obtained 
by Gore in 1858 by the slow electrolysis of a strong solution of antimony 
trichloride in hydrochloric acid with a platinum cathode and an 
antimony anode. This form is very unstable, and when scratched falls 
to a powder with a slight explosion. As the fumes given off in this 
explosion always contain antimony trichloride, it is thought that this 
so-called “aHotrope 55 may be only a solution of the trichloride in black 
amorphous antimony. ” ; ■ 
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151 , Velocity of Transformation of Metastable into Stable Forms. — 
It has already been mentioned that the change from one form to another 
does not necessarily take place rapidly* There are numerous external, 
conditions which alter the speed at which the change takes place. 
Many transformations of metastable into stable forms take place with 
extraordinary slowness. In fact, in some cases the form of a substance 
ordinarily met with is the metastable form which has not changed, and 
shows no signs of changing, into the stable form. Whit© phosphorus, 
for example, is metastable, and shows no inclination to change into red 
except in the light; and, as already stated, there are frequent occasions 
upon which white tin is metastable, and yet the sluggishness that 
characterises the change from white to grey tin makes it possible to 
preserve articles made of white tin indefinitely. Often the slowness is 
due to the fact that crystal forces of some magnitude have to b© over- 
come, and bonds broken and re-made. Where the new phase has not 
appeared, the transformation is said to be “suspended”. 

It has been found that, in order to avoid suspended transformation, 
it is necessary to have present a small quantity of the phase it is desired 
to obtain. The effect of “inoculation” of a system with a crystal of the 
substance required from it is well known. The amount of substance 
required to act in this way is exceedingly small, and has been measured 
in the case of supercooled salol, 1 X I0~ 7 gnis. being sufficient to bring 
about crystallisation. The presence of this small amount of substance 
provides a certain number of crystallisation nuclei, around which others 
form, and the whole mass crystallises. 

Mechanical shock can also bring about transformation. Hence the 
value of stirring and scratching the sides of the vessel containing the 
melt in bringing about crystallisation (see § 132). * 

It must be understood that it is not all solids that can bring about 
crystallisation from a system in suspended transformation. Only the 
substance itself, or one possessing a very similar crystal lattice, is 
effective. 

The velocity of crystallisation of supercooled liquids has been studied 
by a number of investigators. The supercooled liquids were placed in 
narrow glass tubes, and crystallisation was started by inoculation. The 
time taken for the crystallisatioil to get a certain distance along thejtubo 
was determined. It was found that for any given degree of supercooling 
the velocity of crystallisation was constant. As the degree of super- 
cooling is increased, the velocity of crystallisation also increases up to a 
maximum. This maximum remains constant over a large range of 
temperature, after which it diminishes again, and for very severe super- 
cooling may become zero. This is probably what has happened in the 
case of glass. ■ : 

Th© velocity of transformation is affected in various ways by many 
other external agencies. Thus the addition of a liquid which dissolves 
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both forms may considerably accelerate the velocity of transformation. 
At the transition point, the solubilities of the two forms become equa , 
but at any given temperature, the solubility of the more stable form is 
less than that of the less stable. If two solid phases are brought into 
contact with a solvent which dissolves both of them, it will dissolve one 
form more than the other. The solution will become saturated mth 
respect to this form, the less stable one, but is then supersaturated 
towards the stable form, and this is deposited. An example of this is the 
well-known fact that tin changes more readily from white to grey in the 
presence of a solution of ammonium stanni-chloridc. It is necessary to 
state, however, that a solvent may sometimes retard the velocity o 
transformation, especially if it be viscous. , , 

Temperature may affect the change. As already mentione , e 
velocity of crystallisation of a supercooled melt depends upon the 

temperature. . , 

Certain substances, added in small quantities to the system, may 
cause the change to be brought about more readily, acting m this way 
as catalysts. The best-known case of this is the .acceleration of the 
change of white phosphorus into red by the addition oi a very sma 
quantity of iodine. 

152. Me chanical Strains in Metals— The question of metastability 
of metals has received a good deal of attention because of its great 
practical bearing in everyday, life. The practical usefulness of many 

metals depends alone upon their metastability. 

"When copper and some other metals are stretched and rolled and 
hammered, their properties are considerably altered. They become 
harder, and their tensile strength increases. This can be shown to bo 
due to a ehange of state of the metal, the new state being metastablo 
because the metal possesses a higher solution pressure after treatment 
than it did before, resulting in its being more electronegative with 
respect to a solution of one of its salts (§ 337 ) . 

It is thought that a metal in this metastable condition is very much 
like glass. In the process of working, Hie crystals are, in part, broken 
down, and the substance becomes semi-amorphous. Just, as glass 
devitrifies on heating, so the metal after treatment, when it is heated, 
rn nmli niirt rrifitfyitabl© state into tb© crystalline 
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phosphorus vapour is cooled, although it is in the metastable condition, 
and only with extreme slowness is violet phosphorus produced from it. In 
organic chemistry it is frequently found that a substance is deposited 
as an oil, which gradually undergoes solidification to crystals. The oil is 
not the stable form, or it would not spontaneously crystallise. 

There are a very large number of these examples, and Ostwald has 
made the generalisation called the law of successive reactions to embrace 
them. This states that when a system passes from a less stable condition 
it does not pass directly into the most stable, but reaches this by 
traversing intermediate conditions of progressively greater stability. 

There are some apparent exceptions to Ostwald’s Law, but it may be 
taken as true in the great majority of cases. 

154. Crystal Structure and Chemical Constitution. — Hauy, the 
founder of the science of crystallography, put forward the rule in 1784 
that every definite chemical compound had its own crystalline form, but 
certain apparent exceptions to this statement were soon found. In the 
same year, it was noted that crystals of potash alum could contain a 
good deal of iron, and yet still retain their crystalline form. In 1816, 
Gay-Lussac grew a crystal of potash alum in a solution of ammonium 
alum, so that Haiiy’s Law did not appear to be correct. It seemed from 
this experiment that two substances had the same crystalline form, and 
this could not be so if Haiiy’s Law were true. 

In 1819 Mitscherlich put forward his law of isomorphism , which states 
that substances possessing an equal number of atoms , united in a similar 
way, exhibit identity of crystalline form. 

This statement makes two provisions. There must be an equal 
number of atoms in the molecule, and these atoms must be united in a 
similar way. It is obviously conflicting with Hauy’s Law, for according 
to him there is no such thing as identity of crystalline structure of two 
chemical compounds. Each compound has its own structure, irrespec- 
tive of whether it is similar in composition to anything else or not, if 
Haiiy’s Law is correct, 

Mitscherlich’s Law of Isomorphism proved so useful in various ways 
in the development of chemistry (see § 11) that its truth was not 
doubted, but more recently experiments have been carried out to see 
whether substances with similar chemical compositions actually do h#ve 
identity of crystalline structure, and it has been found that the identity 
is not complete. There are minute differences in the crystal angles. No 
two substances have exactly the same crystalline structure. As an 
example, the two subsfcances^ferrous sulphate, FeS0 4 . 7H 2 0, and copper 
sulphate (Boothite), CuS0 4 . 7H 2 0, may be quoted. These two com- 
pounds are definitely isomorphous. They satisfy all the criteria of 
isomorphism as laid down in the next section, but, as the table shows, 
there are slight differences in the^dimensions of the unit cells and in the 
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Copper sulphate, CuS0 4 . 7H 2 0 
Ferrous sulphate, FeS0 4 . 7H 2 0 


It is seen, then, that Haiiy’s Law is true, and that Mitscherlich’s Law 
cannot be enforced too rigidly. There is another point, too, where 
Mitseherlich’s Law has proved to be erroneous. It states that sub- 
stances showing isomorphism must contain equal numbers of atoms. 
Now, many substances are known which are isomorphous, and yet 
which have not the same number of atoms. An example that comes to 
mind at once is ammonium alum, (NH 4 ) 2 S0 4 . A1 2 (S0 4 ) 3 . 24H a O, and 
potash alum, K 2 S0 4 . A1 2 {S0 4 ) 3 . 24H 2 0. The ammonium alum con- 
tains eight more atoms to the molecule than does potash alum, and yet 
the two are isomorphous. Many other examples could be quoted, 

Mitscherlich’s Law, as it was first proposed, can hardly be called a 
law. It is therefore better to amend it, and merely say that substances 
which have similar chemical compositions frequently possess very 
similar crystalline forms. In fact, it is now known that the condition 
for isomorphism is similarity of the internal structure of the crystals 
rather than similarity of chemical properties. Isomorphous crystals 
contain geometrically similar units. 

. 155. Methods of Recognising Isomorphism. — Since complete identity 
of crystalline structure is not strictly a criterion of isomorphism, this 
method cannot be used to recognise it. There are some crystals which 
have crystalline constants very similar to each other, yet they are not 
isomorphous. It is found, however, that if substances are isomorphous 
their crystal elements are closely similar, though the converse is not 
necessarily true. 

The formation of mixed crystals is a good criterion of isomorphism. 
If two substances are isomorphous, it is possible to make crystals 
containing both of them in varying proportions. These crystals are 
called “mixed” crystals. As an example of their formation, copper 
sulphate and ferrous sulphate may bfe taken. If a solution containing 
these two substances is crystallised, it is always found that the copper 
sulphate crystals contain a certain amount of iron. Hence the difficulty 
of purifying copper sulphate by fractional crystallisation. The crystals 
always bring down with them some iron, and this can only be removed 
by treating the solution with concentrated nitric acid, which oxidises 
the ferrous sulphate to ferric sulphate, in which form it is no longer 
isomorphous with copper sulphate. It is then possible to crystallise the 
copper salt free from iron.. . . -• ■ , , 

Not all isomorphous crystals are capable of forming mixed crystals. 
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Thus, whilst the actual formation of mixed crystals is in general a good 
proof of isomorphism, the converse — that if substances are isomorphous 
they should form mixed crystals — is not true. The formation of mixed 
crystals appears to he governed by the molecular volumes of the 
substances. If these are close there is greater probability of the forma- 
tion of mixed crystals. 

Another method of deciding whether two substances are isomorphous 
is to see whether they will form isomorphous overgrowths with each other, 
i.e. 9 if one crystal will grow in a solution of another. Here, again, there 
are some exceptions. When two substances arc chosen with almost the 
same molecular volumes, they may form overgrowths, and yet not be 
isomorphous. 

It will be seen that non© of these criteria, viz . , (1) similarity of crystal- 
line form, (2) formation of mixed crystals, and (3) formation of isomor- 
phous overgrowths, provides a perfectly complete test for isomorphism; 
but if more than one of these is found to hold good for two solids, it may 
usually be taken that they are isomorphous. 

156. Isopolymorphism* — Substances existing in more than' on© 
crystalline form may be isomorphous in each form with another com- 
pound also existing in more than on© form. An example will make this 
clear. Arsenious oxide occurs in two forms, on© octahedral and the 
other rhombic. Antimonious oxide also exists in two varieties, similar 
in crystalline form to the arsenious oxid© crystals. The octahedral 
forms of the two oxides are isomorphous, as are also the rhombic forms. 
The oxides are said to be isodimorphous. There are several cases of 
isodimorphism known, and a few of isotrimorphism. 

Another phenomenon sometimes referred to as isodimorphism is 
illustrated by the behaviour of the compound iodine bromide IBr, 
which is isomorphous on the one hand with iodine, and on the other 
with bromine. 

157. Applications oi the Phenomenon of Isomorphism. — Mitscher- 
lich’s Law of Isomorphism finds its greatest application in the deter- 
mination of atomic weights, where it serves as an aid to the fixing of 
valency. Examples of its application to the determination of the atomic 
weights of vanadium, beryllium, zirconium, silver and selenium, have 
already been given in the section on atomic weights (§11). 

158. Vapour Pressures of Cry^als. — Every solid substance possesses 
a vapour pressure, though in the great majority of cases this is very 
minute. The fact that solids do possess this vapour pressure is evidenced 
by the fact that certain solids evaporate to quite a marked extent when 
left out in the open, whilst^many solids possess a smell, which they 
would not have if no vapour were given off. Like the vapour pressures 
of liquids, that of a solid increases with temperature. It may reach 
atmospheric pressure before the solid melts, in which case sublimation 
occurs. In sublimation, the sol®. evaporates without melting, and is 
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deposited on ‘the cold sides of the vessel. It is clear that this Is 
analogous to distillation in the liquid state. The temperature at which 
the vapour pressure of a solid becomes equal to the external pressure is 
called the “sublimation point 5 ’. Substances which sublime on heating 
cannot be melted unless an increased pressure is put upon them. If 
this is done, the vapour pressure has to reach a much higher value before 
the substance can “boi^ , away, and before this happens the melting 
point may be reached. 

When a solid is sublimed, heat is absorbed analogous to latent heat 
of evaporation of a liquid. This is called the heat of volatilisation, and, 
at the sublimation point, it is equal to the sum of the latent heat of 
fusion and of evaporation. 


SUGGESTIONS FOR FURTHER READING 


Bragg, W. H., and Bragg, W. L. “The Crystalline State.’ 5 (Bell, 1949.) 
Tutton, A. E, H. “Crystalline Form and Chemical Constitution.” 

' (Macmillan, 1926.) 

Findlay, A. “The Phase Rule and its Applications.” (Longmans, 1940.) 
Robertson, J. M. “X-ray Analysis and Application of Fourier Series 
Methods to Molecular Structures.” (Reports on the Progress of 
Physics, 1937.) 

Hassel, O. (trans. Evans, B. C.) “Crystal Chemistry.” (Heinemann, 
1935.) 

Evans, R. C. “Crystal Chemistry.” (Cambridge Univ. Press , 1939). 
Clare, G. L. “Applied X-rays.” (McGraw Hill , 1940.) * 

Robertson, J. M. “Organic Crystals and Molecules.” (Cornell University 
^ Press , 1953.) 





LIQUIDS 


SECTION L— LIQUEFACTION OF GASES 


159, Critical Phenomena. — -All gases can be liquefied If subjected to 
decrease in temperature and increase in pressure. The effect of tempera- ■ 
tore is rather more important than that of pressure, for whilst it is 
possible to liquefy all gases at atmospheric pressure, it is quite impossible 
to liquefy many of the known gases at atmos- 
pheric temperature. It was first found by 1 ^ 

Cagniard de la Tour, when experimenting r~ H 

with ether, that there is a temperature above IL- mercury 

which it is impossible to liquefy ether vapour, 

no matter what pressure is applied, but it was 

not until the work of Andrews on carbon 

dioxide that any significance was attached to 

this important observation. The temp era- 

ture above which it is impossible to liquefy a 

gas, no matter what pressure is applied, is 

called the critical temperature . At this tenir 

' perature, a certain pressure will have to bd *■» water 

used to cause liquefaction, and this is called , 

^the critical pressure. The volume occupied byl D 
a certain mass of the gas at the critical temn) 1 

perature and pressure is called the criticai u3gp~ 

volume, and is us ually expressed as the vo lume g| 

in litres occup ied by on e gram -molecule of the *—-3 

gas at this temperature and preisure7 though . 

It is sometime s given as the ratio of the Fig. 99.— Andrews 1 

volume that the gas has-Atlthe critical tem- ppara us. 

perature and pre s su re, to that wfiich it would have at 0° C. an d 760 mm . 
It is this value that is given in Table XXXVIII . 

160* Andrews 9 Experiments with Carbon Dioxide* — In 1861 Andrews 
carried out his experiments on the effect of temperature and pressure on 
the volume of carbon dioxide* The apparatus used consisted of a sort 
of hydraulic press, and is shown in Fig. 99. The tube A was a capillary 
tube, and contained the gas. It was closed by a mercury seal, held in 
position by capillary forces. This tube was placed in a copper vessel 
filled with water, and provided with a screw C at the bottom. An ; 
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exactly similar tube with air in the capillary was joined at D, and served 
as a manometer. Pressure was applied to the gas by screwing up the 
screw 0, and in this way a pressure of 400 atmospheres was obtained. 
The upper part of the carbon dioxide tube was surrounded by a heating 
bath, so that its temperature could bo varied. It was found that above 
31*1° C. no liquefaction would take place, no matter what pressure was 
applied to the gas. 

The results of Andrews’ experiments are given in graphical form in 
Fig. 100. The pressure is plotted against the volume, the curves thus 


Volume 

Fig 100. — Isotherms for Carbon Dioxide. 


obtained being called isotherms, as each curve applies, of course, to one 
particular temperature only. If the equation 


is plotted in this way, the curve obtained is a rectangular hyperbola, 
and this should be the curve obtained with a perfect gas. It is quite clear 
that carbon dioxide does not give a rectangular hyperbola, although, 
with increasing temperature, the curve approximates to one. The 
temperatures are marked on the various isotherms. 

The isotherm AB shows the way in which p varies with v at 100° 0. 
This is nearly a rectangular hyperbola, but deviates from the correct 
for»a slightly. The 31*1° C. isotherm has a marked deviation from the 
perfect form, and shows a slight bump at D. Below this temperature, 
the isotherms break up into three parts. Consider the isotherm for 
21° a, FGHK. The part KH represents the effect of pressure on the 
volume of the gas. At H, liquid begins to appear, and the effect of the 
great volume change when this occurs makes itself apparent by the 
horizontal part of the curve, GH. When all the gas has liquefied, increase 
; in pressure causes only a slight change in volume of the liquid, because 
liquids are so difficult to compress. This is represented by the portion 



A , jl gases have similar isotherms to those oi 
carbon dioxides although the critical tempera- 
tures vary greatly. It has been found that tho 
ends of the horizontal portions of the isotherms, 
when joined, form a parabola, and the apex of 
this is, of course, on the critical isotherm. 

101* The Determination of the Critical 
Constants.- — The critical temperature is fairly 
easily found by sealing up some of the liquid 
gas in a strong glass tube and gradually 
warming it irf a suitable bath. In the case of 
sulphur dioxide, or carbon dioxide, a gently 

heated water bath Is suitable. The temperature . ^ # 

at which the boundary between gas and liquid disappears is the critical 

temperature, , . 

The critical pressure can be obtained by using the apparatus shown m 
the diagram. A quantity of the liquid and vapour is enclosed in one 
limb of the tube, and is separated from air in the other limb by a column 
of mercury. Tho limb containing the liquefied gas is gradually heated, 
as in the determination of critical temperature, until the boundary 
between liquid and gas disappears. The volume of the air in the opposite 
irmK \a -nfYWJ* fmm this the critical pressure can be calculated. 


Mercury- 


Fia. 101. — Determination 
of Critical Pressure. 


D*nsifci| 
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line CD intersects ACB, CD being the straight line obtained by joining 
the mean values of the density of the vapour and the liquid at a number 
of different temperatures, as stated by the rule of Cailletet and Mathias. 
The critical volume is readily obtained from critical density. 

Some values of the critical constants for common gases are given in 
the accompanying table. 


Table XXXVIII. — Critical Constants. 


Critical 
Temp. °C, 


Critical 
Press. Atm, 


Critical 

Volume. 


Hydrogen 
Oxygen 
Nitrogen 
Carbon dioxide 
Carbon monoxide 
Air 

Water . 


0*00264 

0*00426 

0*00517 

0*0066 

0*00505 

0*00468 

0*00386 


162® Continuity of State* — If the experiment on the determination of 
the critical temperature or pressure of a gas has been carried out, it will 
have been noticed that at the critical temperature the boundary of the 
liquid disappears. At this temperature, the liquid and the gas phases 
become identical. This is due to the reduction of the surface tension of 


any abrupt change in stat 
conditions represented by 
carbon dioxide, we can i 
temperature is represented 
is kept constant. Suppose 
100 O, isotherm. Somewfr 
have become gaseous, thoi 
The pressure may now be 


e, now 





0<KJ3 




.*> Volume 


gaseous, follows the isotherm AB. It is actually impossible to detect 
at what point the liquid becomes gas. 

This phenomenon is termed “continuity of state”. 

163. Van ier Waals 5 Equation and the Critical Phenomena.—- 
Remarkable confirmation of the general validity of van der Waals’ 
equation is furnished by its application to critical phenomena. As 
already mentioned, the isotherms obtained by plotting the curve 

pv = k 

are rectangular hyperbola. If we substitute van der Waals’ equation 

for Boyle's Law, we have 

(p+ ~b) = BT . , . (1) 

Rearranging this in descending powers of v 3 we have 
pv® - (RT -j~ pb)v 2 + av - ab 
which is a cubic equation in v. 

When plotted, the isotherms obtained are shown in Fig. 103, which 
gives the actual theoretical isotherms for carbon dioxide, calculated 
from equation (1). a has been taken as 0*00874, and b as 0*0023. By 
putting p and v equal to 1 and T = 273, a value for R is obtained. Then, 
substituting the values of p from about 40-120 atmos., corresponding 
values of flare deduced. ,) 

It is seen that the curves resemble the experimental isotherms of 
Fig. 100, with the horizontal part omitted; the latter is replaced by a 
curved portion, ABCD, resembling the dotted parts of the isotherms. 

It has already been stated that these parts of the curve represent 
metastable conditions, e.g, 3 superheated liquid and supersaturated 
vapour. The whole course of the dotted lines, however, has never been 
realised experimentally. 

It is possible, by choosing suitable values for p and T y to make 
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the cubic van der Waals 5 equation have equal roots. When this happens, 
the two humps AB and CD coincide, and a curve such as that shown at 
EF in Kg. 103 is produced. Comparing Fig. 103 with Fig. 100, it is seen 
that EF corresponds to the critical isotherm, CDE (Fig. 100). It should 
therefore be possible to calculate the critical constants by making use 
of the conditions that the equation should have equal roots. 

When the three roots become identical, the root obtained, v, must be 
equal to the critical volume v c . 


and (v - v c ) 3 = 0. 

Expanding this, 

v 3 ~ Sv 2 v c -f Zv 0 2 v ~ v/ = 0 . 

Compare this with the expanded form of van der Waals’ equation; 

pv 3 - (RT + pb)v 2 -f- av - ah = 0. 

Bringing the coefficient of v 5 to unity, 

.,3 _f RT + P h \„l _L « 


When equation (2) has three equal roots, it must be identically equal 
to equation (1). * 

Equating the coefficients of i? 2 in the two equations, 

_ mm 


Equating the coefficients of v, 


Equating the numerical terms, 


From (4) and (5), 


Since when all the roots are equal the values of v, p and T in the 
equation are the critical values, v c , p c and T 0 > the values of p and T 
obtained from equations (3), (4), (5) and (6) will be the critical values. 
Thus, from (5) and (6) 



CORRESPONDING STATES 
Substituting (6) and (7) in (3), we have i 

RT+ — 

* ctn t 


Summarising these results; 


c Tim 

These .results may be used to calculate the critical temperature of 
a gas. Thus, for carbon dioxide van der Waals obtained a, 6, and B 
by substituting Begnault’s values in his equation. In this way, a was 
found to be 0*00874, 

b = 0*0023 
M = 1 * 00646 / 273 . $ 

Hence T G = Sa/27i?5 ' 

__ 8 X 0*00874 X 273 

27 X 1*00646 X 0*0023 Ay :■/ 

= 305*5° Abs. ; yv : ; : : v'Vy ; .. .'.X. : yy y y.Xvy vy 

The critical temperature is 305*5° Abs. 

= 32*5° 0. 

This is in comparatively good agreement with the observed value, 
3M°C. KS- / 

164. The Theory of Corresponding States.— Instead of using the 
volume, pressure, and temperature of a gas in absolute units, the ratio 
of these quantities to the corresponding critical quantities could be used 
in van der Waals* equation. ' ■ 'A>'y y X ' 'XXXXy,.;y ; i 


The equation 
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Substituting the values previously obtained for p C3 v C3 T c , we have 


(j> is called the reduced volum e u. tx th e reduced pres su ^..and 6 the 
red uced temperatu re. It is seen that this is a perfectly general equation 
holding for all gases, since the values of the critical constants have 
cancelled out. Hence this equation represents, as accurately as van der 
Waafe’ equation can, the isotherms of any gas. If two substances with 
the same reduced pressure and the same reduced temperature are taken, 
they will have the same reduced volume. The accuracy of this can be 
judged by considering the following table. When two or more substances 
have the same reduced pressure and temperature they are said to be in 
corresponding states. The law of corresponding states says that when this 
is so, the volumes of the substances will be the same fraction of their 
critical volumes. 

In the table below, 0 for each set is approximately constant, and it is 
found that <£ (liquid) is approximately constant. The agreement is not 
so good for <j> (vapour). 

-Table XXXIX.— Cqbbesfondlng States 1 


voL of liquid 


vol. of satd. 


$ (liquid) T crifeicalvoL > r «V4 critical vol. * 

1 Data selected from values obtained by $. Young, 1892, For data for other 
ibstaacas see S. Young, “Stoichiometry ” (Longmans, 1908), p. 210. 


— — * 

Substance. 

1! 

<f> (Liquid). 

<p (Saturated 
vapour). 

Methyl alcohol 

0-7734 

0-3949 

34-2 

Ethyl aleohol , 

0-7794 

0-4047 

32-1 

Propyl alcohol 

0-7736 

0-4028 

31-1 

Bemene . . 

0-7282 

0-4085 

28-3 

Carbon tetrachloride 

0-7251 

0-4072 

27-4 

Stannic chloride . 

0-7357 

0-4021 

28-1 

; Ether 

0-7380 

0-4030 

r 

28-3 
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It Ms Men found empirically that the boiling points of substances at 
atmospheric pressure are frequently about two-thirds of the critical 
temperature, both being measured on the absolute' scale. This must not 
'be regarded as perfectly general, but provides a certain amount of 
justification for comparing the properties of substances at their boiling 
points rather than at any other arbitrary temperature, for the boiling 
points are, approximately, corresponding temperatures. 

Table XL , — Boiling Point and Cbitical Temfbkatuee 


Substance. 

B, P. 

Tb* 

° Abs. 

Critical Temp. 

0 Abs. 

Tb\T e 

Sulphur dioxide . 

2630 

430-25 

0-611 

Carbon dioxide 

194*5 

304 

0-640 

Chlorobenzene 

405 0 

633 

0-641 

Ether . 

307-6 

466-8 

0-658 

Benzene 

352-6 

561 

0-629 

Water 

373-0 

647-3 

0-577 

Ammonia 

234-5 

404 

0-580 

Acetic acid . 

391-5 

594-6 

0-658 


165. 1 Liquefaction of Gases.— It is now possible to liquefy, and even 
solidify all the known gases, V ' 

The first reference to an attempt to liquefy a gas was that of 
Boorhaave, who in 1732 tried to liquefy air. We now know that this 
attempt was particularly ambitious, for air resisted liquefaction for a 
long while. Boorhaave, like many another of the early workers, succeeded 
only in liquefying the water vapour in the air. 

In 1709, Von Marum liquefied ammonia, one of the more easily 
liquefied gases, at ordinary temperatures by subjecting the gas to a 
pressure of about three atmospheres. In the same year, do Morveau, 
de Foureroy and Vauquelin liquefied ammonia by using a freezing 
mixture which enabled them to reach the temperature of - 40° CL," at 
this time a record in low temperatures. About this time, too, Monge 
and Clouet liquefied sulphur dioxide, another of the easily liquefied 
gases, merely by cooling. There is no doubt that erroneous conclusions 
were reached in much of th& early work, owing to the very imperfect 
drying of the gases used, the condensation of the water vapour giving 
the impression that the gas itself had been liquefied. 

In 1805, Norfhmore carried out some of the most important of the 
early work, and succeeded in liquefying chlorine, hydrogen chloride, and 
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sulphur dioxide by applying pressure; but he failed with carbon dioxide, 
the apparatus exploding. 

The work of Faraday carried out in 1823 is well known. He used a 
V-tube, in on© limb of which the gas was prepared, whilst in the other it 
was liquefied under its own pressure, and with the help of external 
cooling. Faraday liquefied sulphur dioxide, hydrogen sulphide, carbon 
dioxide, nitric oxide, cyanogen and ammonia; and Davy, using the 
same method, liquefied hydrogen chloride. 

Colladon tried to liquefy air by submitting it to high pressure and 
cooling. Air was confined in a thick glass tube, sealed with mercury, 
and so arranged that more mercury could be forced into the tube by 
hydraulic pressure. Although he reached a temperature of - 30° 0., 
and a pressure of 400 atmospheres, the air was not liquefied. We now 
know that this was because the critical temperature had not been 
reached, and that no matter what pressure was applied above that 
temperature the gas would not liquefy. 

Thilorier, using a Faraday’s apparatus constructed of cast iron, 
tried to liquefy carbon dioxide, but the vessel burst. Later, how- 
ever, he was able to liquefy, and even solidify, carbon dioxide, and 
was the first to use a freezing mixture of solid carbon dioxide and 
ether, giving a temperature of - 110° C., a temperature hitherto 
unreached. 

In all the cases described above, a gas was liquefied by the action of 
pressure and cooling, either together or singly. Certain gases, amongst 
which were hydrogen, oxygen, and nitrogen, were found to resist 
liquefaction under these circumstances, 
and they were therefore called the “per- 
manent gases”. ' They were not long to 
remain as permanent gases, however, for in 

1877, Cailletet and Pictet succeeded in R ^ y " * 

liquefying oxygen and hydrogen. FlG - 104 - Faraday 8 Tube ’ 

The various method for liquefying gases that were used later, depend 
upon the development of methods for producing intense cold. These 
methods may be summed up as follows; — 

(1 ) The use of freezing mixtures. » 

(2) Cooling by the adiabatic expansion of cold compressed gases. 

(3) Cooling by the rapid evaporation of volatile liquids. 

(4) Cooling by the J oule-Thomson effect. 

(5) Cooling by adiabatic demagnetisation (do Haas). 

(1) Freezing mixtures were used quite early in the history of the lique- 
faction of gases, as the above account shows. However, their use is very- 
limited, for it is difficult to obtain a freezing mixture which gives a 
, sufficiently low temperature. > 

{2} The method of cooling by the adiabatic expansion of a cold com- 
pressed gas was first made use of by Cailletet, who succeeded in lique- 
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lying air by this method. Air was expanded from high pressure, and 
the cooled air thus produced was used to cool incoming air. The effect 
was thus cumulative. 

Cailietet had the idea for this method forced upon Mm more or lees 
by accident, for he noticed that on reducing the pressure of some 
gaseous acetylene, a thick mist was produced in the gas. Thinking this 
was only moisture he decided to try it with pure acetylene, and then 
discovered that the mist was actually made up of fine drops of the 
liquefied gas. 

Cailietet constructed an apparatus with which he could liquefy many 
common gases. The gas was contained in a thick glass tube over mercury, 
and mercury was pumped in to compress the gas. The apparatus was so 
designed that the pressure could be quickly relieved, so that the gas 
could be alternately compressed and expanded with some rapidity. In 
this way he liquefied acetylene and nitrous oxide, and later carbon 
monoxide and oxygen, which had previously been regarded as “per- 
manent gases”. 

Another application of this method was made by Claude, who liquefied 
air. This proaess enjoyed considerable popularity. The apparatus is 
represented diagrammatieally in Fig. 105. 



The air was purified, and compressed to about 40 atmospheres %nd 
passed through the tube A into an apparatus B, In which it expanded, 
performing external work. The cooled and expanded air travels through 
the liquefier in the direction shown by the arrows, and finally passes 
along the outer tube of thereat exchanger A. In this way it cools the 
incoming gas, and this goes on until liquid air begins to collect in the 
liquefier. 

(3} The fact that a liquid eoqjd be cooled by its own rapid evapora- 
tion was known as early as 1755, when water was frozen by rapidly 
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evaporating it. In 1862 the first ammonia refrigerator was made. The 
method depends, of course, on the taking up of the latent heat of 
evaporation of the substance. This heat must be supplied from some- 
where, and it com.es from the liquid. It was found possible by rapidly 
evaporating one liquefied gas to obtain a temperature low enough to 
liquefy another gas, and in this way the use of excessive pressures was 
avoided. Pictet was the first to use what is called the “cascade” method 
of liquefying gases. Pictet cooled a gas, B, below its critical temperature 
by the rapid evaporation of another gas, A, and then used the evapora- 
tion of the liquid, B, to cool another, 0, and so on. In one series of 
experiments, sulphur dioxide was evaporated round carbon dioxide, 
which then liquefied fairly easily and carbon dioxide was then allowed 
to evaporate round a tube of oxygen. On allowing the oxygen to expand 
a mist was formed which Pictet thought was solid oxygen, but which was 
probably the liquefied gas. -V 

In 1883, Wroblewsky and Olsehewsky cooled the condensing tube of 
CailletePs apparatus with ethylene evaporating under reduced pressure, 
and further cooled by solid carbon dioxide. A little liquid oxygen was 
thus obtained. » 

It may be noted that the critical temperatures of hydrogen and helium 
( 31 ° and 5 * 15 ° Abs. respectively) are so much below the temperatures 
attainable by the evaporation of gases of higher boiling point that the 
cascade method cannot be applied. 

The lowest temperatures recorded before the work of de Haas on 
adiabatic demagnetisation were obtained by the use of liquid helium, 
boiling under reduced pressure. In this way, Kamerlingh Onnes reached 
a temperature of 0*82° Abs. , and Keesom one of 0 -71 ° Abs. 

(4) When a highly compressed gas is allowed to expand into a region 
of low pressure so that no work is done against external pressure, a 
slight cooling effect is noticed. This is called the J oule-Th omson effect. 
The cooling is due to the fact that internal work is done by the gas in 
overcoming the attractive forces between the molecules, which have al- 
ready been referred to in dealing with the van der Waals’ a factor (§ 163) . 
This effect is to be carefully differentiated from the cooling produced when 
a gas expands adiabatieaily, for in this case the gas does external work. 

The Joule-Thomson effect would nqt exist if a gas were perfect, for 
theft there would be no attractive forces between the molecules. It is 
greater the lower is the temperature. 

' This effect is used in the Linde process for liquefying air. The 
appaxatuif is shown diagrammatically in Pig. 106. The air to be liquefied 
is first freed from impurities (carbon dioxide and water vapour), which 
would otherwise condense and block the apparatus. The air then 
' the inner tube of the concentric pipes at A at a pressure of about 

200 atmospheres. This tube is hundreds of yards long, and is coiled 
spirally to save space. By regulating the valve C the air is allowed 



faction of this gas. When, however, the gas is j 

cooled to about - 80° C., it behaves normally, and 

after this point, cools on expansion. This tempera- 1 

tore is called the inversion temperature . Dewar V - 'ym 

liquefied hydrogen in 1898 by first cooling it to 
below the inversion temperature by means of liquid ~~1 | c f~\ 

air, and then«applying the ordinary Linde process. r S 

Helium also behaves like hydrogen, but has a D 

much lower inversion temperature { - 240° C.) to 
which it can be reduced by cooling with liquid 
hydrogen. The Linde process is then applied, when Fig. 106 Liquefac- 
the gas can be liquefied. tion of Air (dia- 

Helium has been solidified by Kamerlingh Onnes, grammatic). ^ 
who has carried out a great deal of research on the properties of sub- 
stances at these very low temperatures. 

Liquid air is manufactured in large quantities for the preparation/^ 
oxygen, though usually the process is continuous, the liquid air not 
being separated. For this purpose, the Claude method is employed for 
the liquefaction of air, and this apparatus is coupled to a Linde oxygen 
column. 1 

(5) Debye (1926) and Giauque (1927) came to the conclusion that 
when a magnetised body is demagnetised adiabatically (i.e., in such a 
way that heat can neither enter nor leave the system), the tempera- 
ture of the body must fall. Thi$ method has been tested practically by 
W. J. de Haas. It can be shown that the effect is best observed at low 
temperatures, and by substances which are not ferromagnetic. Using 
cerium fluoride, cooled before the demagnetisation process by liquid 
helium, de Haas was able to reach a temperature of 0-27° Abs.; later 
experiments, using dysprosium ethyl sulphate, gave a temperature of 
0*14° Abs.; and, in 1933, a temperature of 0*085° Abs. was attained, 
using cerium ethyl sulphate, de Haas believes that it will be possible by 
1 For details, see “Inorganic axgl Theoretical Chemistry’ % Sherwood Taylor 
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ibis method to reach the Absolute Zero, though this has not yet been 
accomplished (1950). 

The method is mentioned here merely as one of producing intense 
cold. It has not been, and is not likely to be, used for the liquefaction 
of gases. 


SUMMARY 

By cooling and compressing gases, they may be liquefied. There is, 
however, a certain temperature above which 'a gas. cannot b© liquefied, no 
matter how great is the applied pressure; this is the critical temperature. 
The pressure which must be applied at this temperature, to cause liquefac- 
tion, is called the critical pressure,. The volume occupied by 1 gram- 
molecule of the gas at the critical temperature and pressure is the critical 
volume. The values of the critical temperature, pressure, and volume may 
be obtained .in terms of the van der Waals* constants, a and 6, by expressing 
the condition that the van der Waals’ equation may have equal roots# The 
observed isotherms (pressure plotted against volume) of gases agree with 
the theoretical curve given by the van der Waals’ equation* The ratios of the 
pressure, volume and temperature of a gas to the critical pressure, volume 
and temperature respectively are called the reduced pressure , volume and 
temperature. When two or more substances have the same reduced pressure 
and temperature, they will have the same reduced volume (Law of Corre- 
sponding States ). 

Methods of liquefying gases depend upon the production of intense cold# 
This can be done (1) by the use of freezing mixtures, (2) by the adiabatic 
expansion of cold compressed gases, (3) by the rapid evaporation of volatile 
liquids, (4) by the use of the Joule-Thomson effect, (5) by adiabatic 
demagnetisation. 


• SECTION 2. — PROPERTIES OF LIQUIDS 

A* Vapour Pressure 

166. Definitions. — Every solid and every liquid possesses a vapour 
pressure which is a measure of the tendency of the substance to 
evaporate# Over every liquid there is a certain pressure of its vapour, 
the magnitude of which depends upon the temperature. Thus, if a liquid 
were to be sealed up in an evacuated tube, jbhere would be molecules of 
the substance in the vapour state over the liquid, and they would exert 
a definite pressure. There is an equilibrium between the liquid and its 
vapour, as many molecules being lost from the surface of the liquid and 
then existing as vapour, as re-enter the liquid in a given time. The pres- 
sure of vapour which exists over any liquid or solid at any tern perature, 
the equilibrium condition having been attained, is called the vapour 
pressure . — , . ' ■ ; ' " '' ' " ' ' '• - .. ; ' ; ; 

The vapour pressure of a liquid varies a great deal with temperature, 
and if the values of the vapour pressure %re plotted against temperature, 
> curve of the form shown in Fig. 107 is obtained. 


VAPOUR PRESSURE 


307 



Fig. 107. — General Form of 
Vapour Pressure-Temper- 
ature Curve. 


When the vapour pressure of a liquid is equal to the pressure applied 
externally, the liquid boils, and evaporates freely. 

It has been found, however, that the presence of any indifferent gas 
reduces the pressure of vapour in equilibrium with its liquid, although 
this is contrary to Dalton’s Law of Partial Pressures. Hence, for 
accurate work, the boiling point of a liquid is defined as the highest 
temperature that can be reached by a liquid under a given pressure of its own 
vapour when heat is applied externally and evaporation occurs freely from 
ike surface . 

At 100° 0., the vapour pressure of water is 
760 mm., and hence water would boil at 
100° 0. when the pressure of water vapour 
over it is 760 mm. This will only differ a 
little from the temperature recorded when the 
total pressure is 760 mm. 

When the vapour is in equilibrium with its 
liquid, it is said to be saturated vapour. 

When the pressure is less than this value, the 
vapour is said* to be unsaturated. 

167- Determination o! Vapour Pressure. 

— This can be carried out by two general 

methods: (1) the static method, by which the substance is caused to 
evaporate in a Torricellian vacuum, and the depression of the mercury 
column is noted; and (2) the dynamic method, in which the liquid is 
made to boil under a definite pressure, and the temperature of the 
vapour is noted, 

As an example of the first of these methods, two barometer tubes may 
be taken, filled with mercury, and inverted over mercury in order to 
form two barometers. One of these is kept for reference purposes, whilst 
about 1 c.c. of alcohol, or some other liquid is passed up the other by 
means of a bent pipette. After waiting a moment or two, the difference 
in height of the two barometers is measured, best by means of a cathefco- 
meter. This difference is due to the vapour pressure of the substance. 
There will also be a slight depression of the mercury due to the weight 
of the liquid added, but this may be neglected. The apparatus can be 
modified to give the vapour pressure at any given temperature by 
surrounding it with a heating jacket. 

Smith and Menzies devised a convenient static method for the 
direct measurement of vapour pressures. This instrument, called the 
isoteniscope is shown in Fig. 108. The liquid under investigation is 
introduced into the apparatus so that the small bulb A is about half 
full and the liquid stands about half-way up the limbs of the U-tube B. 
The apparatus is immersed in a constant temperature bath, and a 
pressure gauge and large regulator bottle are connected at O (this part 
of the apparatus is similar to that shown in Fig. 100). After any air 
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present has been boiled out, the pressure is reduced until the liquid in 
A begins to boil. The pressure in the regulator attached to C is adjusted 
until the level of liquid Is the same in both limbs of B. The pressure 
registered by the manometer is the vapour pressure of the liquid at the 
temperature of the bath. 

The method of Bamsay 
C and Young gives results of a 

LZIir\ high degree of accuracy. 

The apparatus is shown in 
J S- Mg. 109. A boiling tube, 

f \ with fairly strong walls and 

{ J provided with a side-tube, 

should be chosen for A, 
The rubber stopper closing 
A— ,;,D\ this tube is provided with a 

tap-funnel, and a thermo- 
meter, the bulb of which is 
surrounded with cotton- 
wool tied on '-with thread. 
\V JJ This should not be too 

\\ X/ thickly covered. The stem 

\\ // 1 l of the tap-funnel is bent so 

] | /f f v, that it just touches the 

® r r ( A \ cotton-wool. The pressure 

?: = \zl: gauge, B, consists of a long 

§ g tube dipping into mercury. 

A? v\ C is a large bottle-— a Win- 

pf Jq chaster bottle answers the 

purpose quite well — and 
Fig. 1 OS.— Smith and Menzies Isoteniscope. serves to minimise the effect 

of leaks. D is a tube 
attached, to a capillary, by means of which air can be slowly passed into 
the apparatus. The tube A is placed in a -water-bath. 

The first step is to test the apparatus to see that there are no leaks, 
and this is best done by evacuating by means of the filter-pump until a 
pressure of about 25 mm. is reached. AVhen the pump Is turned off, 
and the tap closed, there should be no alteration in this pressure after 
ten minutes. Having made sure that there are no leaks, a drop of the 
substance of which the vapour pressure is required is allowed to drop 
through the tap-funnel. The water-bath is now heated to about 50° C., 
as indicated by a thermometer (not shown iffPig. 109). The temperature 
indicated by the thermometer in A will be less than that of the bath, and 
after a little while it will become steady when the vapour pressure of the 
liquid is equal to the pressure in the /-apparatus. Suppose that the 
temperature at the start is greater than this value. Then some of the 
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liquid will evaporate and thus cool the thermometer. If the temperature 
is too low, some of the vapour will condense on the thermometer and 
warm it up. The steady temperature reached, and the height of the 
mercury in the pressure gauge, are read. When the latter reading is 
subtract ed from atmospheric pressure, the vapour pressure of the liquid 
at the temperature indicated by the thermometer in A is given. 


Fig, 109. — Ramsay and Young's Apparatus. 


By admitting air into the apparatus through D, further readings may 
bo obtained at higher temperatures. For this, of course, the tempera- 
ture of the heating bath will have to be raised a little. 

Another method of determining the boiling point at different 
pressures, for that is all that has been done in the above experiment, 
has been devised by Smith and Menzies. The same apparatus for pro- 
ducing the reduced pressure is used (Fig. 109). A bulb-tube of the shape 
shown in Fig. 110 is blown, and is partly filled with the liquid under 
examination. It is attached to the thermometer by means of thread, 
and the tube is covered with high boiling paraffin placed in the boiling 
tube. The water-bath is heated to, say, 30° C, (it must be understood 
that this temperature will vary with the liquid used, and should bo the 
lowest at which results of reasonable accuracy can be obtained), and the 
apparatus is evacuated. At first air bubbles, and later bubbles of vapour 
come from the bulb-tube, for the liquid is boiling under the reduced 
pressure. Now the pump is turned off by closing the tap E, and air is 
allowed to enter very slowly through D, until bubbles just cease to come 
from the tube. This means that the liquid is just on the point of boiling 
at the pressure and temperature indicated by the pressure gauge and 
thermometer respectively. The temperature of the heating bath is 
gradually raised, so that readings of the vapour pressure may be 
obtained at various temperatures. For accurate results, a correction 



should be applied for the pressure of the column or ou aoove me muu 
tube. The density of the oil must be determined to make this correction. 

Another method, that will bo referred to again later in connection 
with the vapour pressure of solutions (§ 281) consists m i passing ; a 
known volume of air over the surface of the liquid, and then deter- 
mining the amount of vapour that has been removed, by weighing o 

on lie Boiliag Pomt 
of a t.in nif t — It is obvious from what has been said 
I that increase of external pressure will cause a rise in 

— 1 =^= boiling point of a liquid. When spccifymg the 
^ I M boiling point of a liquid, it is, strictly speaking, necessary 
to mention the pressure. Thus, water boils at 100 C. 
only when it is in the presence of a pressure of its own 
vapour equal to 700 mm. of mercury. Below this 
Y ^ pressure the boiling point will be lower; above it, it will 

be higher. Water can be superheated only when the 


If it can be assumed that tho vapour obeys the gas laws (this is, 
course, only an approximation), we have 
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The best way of doing this is to proceed as follows. We know that 
d\og e P 1 dP 
P'dT' 


Hence, the above equation may be written 

from which 

d log, P 


d log, P 
dT ’ 


L = RT 2 ■ 


dT 


( 2 ) 


If log, P is plotted against T, the curve obtained is ahnost a straight 
line, of which the slope is d log, PjdT, and can easily be found. Sub- 
stituting in the equation, L can then bo obtained. 

Another method which does not involve plotting can be used. If L 
does not vary much with temperature, we can integrate equation (1) 
above, obtaining 




Pi 

P* 


R . 


T 2 - T, 


■ log, 


Pi 


2 J. — J. x x 2 

where P x and P 2 are the vapour pressures at T t and T 2 respectively. 
Substituting E = 2 gm.-cals., and converting to common logarithms, 
we have 


L = 2 X 2-303 


T x T 


2 log 10 Pa 


T 2 - T x ~'° 10 P t 

As an example, we may calculate the latent heat of evaporation of 
water over the range 90° -100° C. The following data are given: At 9Q° 
C. the vapour pressure of water is 526 mm.; at 100° C. it is 760 mm. 

T x = 363° P r — 526 

T P = 373° P 2 = 760 


:,L — 2 x 2-303 X 


363 X 373 


log 


760 


10 ” ol ° 526 
2 X 2-303 X 363 X 373 X 0-1598 
* 10 
10,200 gm.-cals. per gm. mol. 

10,200 


The latent heat in gram-calories per gram is thus 


18 


= 566-5. 

This is the average over the temperature range 90°~100° C. The 
experimental value for the latent heat at 100° 0. is 539, and at 90° CL 
549 gram-calories per gram. 

169, EelationsMp between ttte Boiling Points of Related Substances. 

— By comparing the experimental values ofLthe boiling points of various 
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related liquids, Ramsay and Young discovered that there was a simple 
relationship between them. If the boiling points of the two substances 
under a pressure p t are T t and T 2 , whilst those under a pressure p 2 are 
T\ and 


where h is a constant. 

It is to be noted that this relationship only holds between closely 


Fia. 111.— >Graph of (f 2 — T 2 ) against T'jjT^, 


related substances, e.g., benzene and toluene, chloro-and bromo- 
benzene, etc. 

For substances not very closely related the relationship becomes 


k is usually very small, and is zero for very closely related substances, 
for then, obviously, equation (2) is identical with equation (1). 

* If T'JT ' 2 is plotted against {T\ ~ JP 2 ), a straight line should be 
obtained, and this is usually the case. 

Examples are known, however, of definite deviations from the straight 
line, and it is supposed that these are due to some abnormality in one or 
both of the liquids compared, such as association (i.e., the existence In 
the liquid of molecular aggregates). Deviations are most frequently 
found in substances containing the hydroxyl group, and it is known that 
. these compounds are usually associated. * 

1?0* Correction of Boiling Points to Normal Pressure— Crafts’ 
Buie* — The boiling point of a substance is usually determined under the 
atmospheric pressure prevailing at the time of the experiment. This 
will be slightly different from that at 760 mm., and for purposes of 
,, reference and standardisation it is necessary that all boiling points 
should be corrected to 760 mm. This can bo done by using a rule put 
forward by Crafts, based on the rule of Ramsay and Young, just 
discussed. Tire correction to be added to the boiling point observed, 
■ " BT S h given by , , * ■ , / , ;;,„x 7 , ■; ,/ 7 : .. 

* § f 1 = cT % (760 - P) 
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where T 0 is the observed boiling point, P is the pressure at which it 
is measured, and c is a constant. 'The constant c has the value 

1 AT : -:v'v 

~ where T is the normal boiling point. 

For pure, normal liquids, the value of c is in the neighbourhood of 
0*00012, but varies a little from substance to substance, and the value 
employed in any given case should be derived, if possible, from some 
closely related substance. 

A few values of the constant, c, are given in the table below. 


Table XLI. — Crafts 5 Rule 


Substance. 


Substance. 


Methyl alcohol 
Ethyl alcohol 
Acetic acid 
Water . 
Chloroform 


0*000122 

0-000120 

0-000119 

0*000121 

0*000114 


0*000100 

0-000094 

0*000107 

0*000100 

0*000119 


Benzene 
Toluene 
Naphthalene* 
Ethyl ether 
Ethyl acetate 


B. Molecular Volume 


171. Definition. — The molecular volume of any substance is the 
volume in cubic centimetres occupied by the molecular weight in grams . 
It is obvious that it can be obtained by dividing the molecular weight 
of the substance by the density. 

If Avogadro’s Hypothesis were quite accurate, the molecular volumes 
of all gases would be the same, and equal to 22,414 c.c. Since it is not 
quite accurate, there are small deviations from this number for most 
gases. . ; : :■ v .. ■ v ; . 

The molecular volumes of solids and liquids were investigated, in the 
hope that a generalisation Similar to Avogadro’s Hypothesis might ba 
made there. The success of tins line of research was, however, wery 
limited. With solids practically no useful results have been obtained, 
but with liquids there has been somewhat more success. 

Dealing with the molecular volumes of solids, in a few cases this 
property has been found to.be additive. Thus, if the molecular volumes 
of the halides of the alkali metals are compared, the substitution of one 
halogen for another is found to make the same difference in the mole- 
cular volume, and the substitution of one metal for another gives a 
characteristic difference in the^nolecular volume. This is clearly shown 
in Table XLIL 


814 
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Table XLIL— Molecular Volumes of Alkali Halides 


Diffee. 


Difice. 


NaBr 9*7 


An interesting point in this connection has to do with water of 
crystallisation. This may be attached to the anion of the salt or to the 
cation. In the two cases the molecular volume of the water is different. 
In the case of blue vitriol, it is well known that of the five molecules of 
water of crystallisation, four are more or less easily driven off, whilst one 
is*held much more firmly, and it has been suggested that it might be 
called water of constitution. It is now known that the four molecules 
which are easily detached, are attached to the cation, whilst the other 
one is attached to the anion. Cationic water has a molecular volume of 
14*5 c.c., the same as that calculated for ice at absolute zero. The 
molecular volume of anionic water is 10*0 c.c., which is the same as that 
found when water combines with oxides to give acids, or bases. There 
is obviously a greater degree of combination in the second case. 

1*22* Molecular Volumes of liquids.— Kopp was the first to make an 
exhaustive study of molecular volumes. The first difficulty that con- 
fronted him was to decide at what temperature to measure the density. 
He took as his standard the boiling point of the liquid at atmospheric 
pressure. This was more or less an accident, but it was shown later to 
have been the right thing to do, for the boiling points are approximately 
the same fractions of the critical temperatures (§ 164). Other investi- 
gators have used other arbitrary temperatures, but whilst there are 
advantages associated with some, in general it may be said that the 
boiling point temperatures, give the most regular results. Kopp’s 

; o'-- 



Obviously, if Kopp’s Law were correct, the molecular volumes of 
isomers should be the same, since they are made up of the same atoms. 
As the table shows, there are a number of differences, the largest being 
found where the isomers fall into two distinct classes, involving a com- 
plete change in constitution, e.g., methyl propyl ether and butyl alcohol. 
This, however, is not always so. The dichlorethanes, for example, give 
large differences. 

Besides proposing the abov® law, Kopp made the following deduc- 
tions:* — 


MOLECULAR VOLUMES OF LIQUIDS 

determinations were made by finding the density at ordinary tempera- 
tures, and then calculating the density at the boilmg point from 
observations of the coefficient of expansion. Since then, however, 
direct methods of determination have been devised. 

As a result of his observations, Kopp propounded the law: the. 
molecular volume of a liquid is equal to tie sum of the atomic volumes of its 

This law is far from being exact. It is, however, approximately true. 
It has been found, as would be expected, that constitution plays a big 
part in deciding the molecular volume. It is very probable that the 
atoms in a molecule will exert some influence on each other, and in some 
wav distort the size of the atoms. That this is the case is easily seen from 
Table XLIII., giving the molecular volumes of isomeric compounds. 

Table XLIII.— Molecular Volumes oe Isomers 


Substance* 

* 

Mol. 

Vol. 

c.c. 

Diffce. 

■ % ' 

Substance. 

Mol 

Vol. 

C.C. 

Diffce. 

■ 

n-Hexane . 

140*0 

2*5 

Propyl aldehyde . 

75*4 

2*4 

Diisopropyl 

136*5 


Acetone 

77*2 


n -Heptane 

162-6 

0*37 

Ethylene chloride 

85*3 

4*0 

Isoheptane 

162-0 

Ethylidene chloride 

88-9 


n-Propyi alcohol 

Isopropyl alcohol 

81-2 

82-8 

1-9 

Aniline . * * 

Picoline 

106-4 

111-5 

4*6 
® . 

TIethyl propyl ether * 

105-1 

3*2 

Ethyl benzoate . 

174-6 

2 4 

Butyl alcohol * 

101-9 

Phenyl propionic acid . 

170-4 


« -Butyric acid . 

108-2 

0*6 

Diethylamine 

109-0 

2*6 

Lsobutyric acid . 

108-9 

♦ 

! Butylamine 

i : „ __ ■ 

106-2 




■Lfeg-. j 


— 
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(1) Among analogous compounds, the same difference of molecular 
volume corresponds to the same difference in composition. 

(2} By replacing two atoms of hydrogen by one atom of oxygen, the 
molecular volume is unchanged. This was later found to be untrue 
(see below). 

(3) The atomic volume of carbon is twice that of hydrogen, 

Kopp first found the molecular volume of the CH 2 group by con- 
sidering a homologous series. Table XLIV. shows the mean values of 
the molecular volume of the CH 2 group obtained from many different 
homologous series. It will be noted that the value varies a good deal. 
Thus, in the series for the normal paraffins, shown in the second table, 
the value for CH 2 gets progressively greater as the series is ascended. 

Kopp found the value 22 for CH 2 . Using the third rule mentioned 

Table XLIV. — -Values fob CH 2 

« . No. of' Maximum and 

aeries * Intervals. .Minimum. 


■Mean. 


cids . 
ies (aliph.) 
(aliph.) 
>did68 


Paraffin. 


Difference. 


above, it follows that the amount due to C must be 11, and that due to 
H, 5*5, Then, from the second rule, 0 must be 11. 

He soon found, however, that oxygen was a peculiar clement to deal 
with. Its molecular volume varied with the states of its combination. 
Thus if the oxygen occurred in a carbonyl group it had a different value 
from that found when it occurred in the OH*group or in an ether. The 
yatae for 0 in 0 = 0 is 12*2, whereas, for that in OH or in ethers, it is 7 *8. 
The table below shows the values that have been arrived at for the 
elements. 

‘'s'* I , 

l The data for Tables XLIIL, XLIV. and XLV. have been obtained from 
, B v Cohen’s “Organic Chemistry; for Advanced Students”, YoL II. (Arnold). , ' 
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10 . 112.-— Tube for 
Molecular Volume 
' . Deteixniiiation. , ,, 


lib |g then suspended 


the volume of the bulb ea 
Inside a flask containing 
condenser. The ethyl acet 
in the bulb reaches the boi 
of the liquid flows out inti 
for some minutes, the fla 
contracts, and the bulb is 
weight of ethyl acetate All 
of the bulb is known, and 
calculated. The moleculai 


Table XLVI — Moleculab Volumes' oe the Elements 


11-0 
5 *5 
22-8 


27*8 

37*5 


O in OH or in ethers . 
O in >CO 


7-8 

12*2 


As an example, the molecular volume of acetone may bo calculated. 

0 


Assuming its structure to be CH 3 . 0-CH 3 , the molecular volume is 
given by 2 (27-5) + 11-0 + 12-2, (2GH S + CO) = 78-2 
g Now the molecular weight of acetone is 58, and its density at the 
boiling point is 0-78 gm. per c.c. The molecular volume obsorved is, 


therefore, 


58 


0-78 


. 74-35. 


173 Determination of Molecular Volume. — This involves deter- 
mination of the density of a liquid at its boiling point. The old method 
used was to determine the density at 0 C. , and 
then determine the coefficient of expansion of 
the liquid. From this, the density at the boiling 
point could be calculated. It is, however, quite 
easy to determine the density of a liquid at its 
boiling point directly. 

The density of the substance, say ethyl 
.acetate, is first determined at room temperature 
by means of a density bottle. A small bulb, of 
the shape shown in the figure, is weighed empty, 
and is then filled with ethyl acetate by warming 
and allowing to cool with the open end under 
ethyl acetate in a dish. The bulb filled with 
ethyl acetate is weighed. The difference in the 
two weighings gives the weight of ethyl acetate 
taken, and since the density-lias been determined, 

■ \A: i’:.;: 1 -1 _ J. _ J* IJIJj ~ \ 
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weight of the substance by its density at the boiling point. The error 
in this method arises from the fact that no account has been taken of the 
expansion of the bulb when it is heated to the boiling point of the liquid. 
The actual volume occupied by the liquid at the boiling point is not the 
volume of the bulb at room temperature, but that at the boiling point, 
which will be a little greater. This can he allowed for by determining 
the coefficient of expansion of the bulb, using a liquid of which the 
coefficient of expansion is known. 


C. Subface Tension 

174. Definition.— Every liquid behaves as if it were enclosed by a 
skin or membrane. The surface of a liquid tends to contract, so that it 
must be under tensiom-:'^ : ri .yd.; -yU : 

The surface tension is defined as the force in dynes acting upon a line of 
I cm. length in the surface of the liquid. Thus imagine that a cut of 1 cm. 
length is made in the surface membrane (the membrane, of course, does 
not exist, but the liquid behaves as if it does), there would be a force 
on each side of that line tending to open the slit, equal to the surface 
tension. Imagine a sheet of rubber stretched across the top of a beaker. 
The material is under tension. If a slit were to be made in the rubber, 
which was still kept under the same tension as before by some 
mechanical means, there would be a force on each side of the slit tending 
to open it. 

The reason for the existence of surface tension has been mentioned 
when dealing with the critical phenomena (§ 127). The molecules of a 
liquid attract one another. A molecule in the bulk of a liqu id is affected 
equally on all sides, bu t one at the boundary is only affected on one side.. 
I t is t heroforejaefe d upon by a force wh ich tends Jo ’drag it ’ into "the 
inferior of the liquid. That is why liquid surfaces are characterised by 
the fact that thew t(md tb'bftenme y jjbs^ble, A drop assumes 

a spherical shape, because this is the form that has the smallest surface 

It is surface tension that produces the elevation of a liquid in a 
capillary tube , and this phenomenon can be made use of for the measure- 

: 17S. Determination of Surface Tension,— There are many methods 
which can be used for the determination of surface tension, all of 
which will be found described in text-books of physics. We shall des- 
cribe here, briefly, three of them — the three which are most convenient, 
and are the most frequently used in the physical chemistry laboratory. 

(a) The Capillary Rise Method. — If a capillary tube is placed in a 
liquid it is found that the liquid usually rises in the tube. In one 
common case it falls, viz., mercury. Assuming that the liquid rises, 
suppose it reaches a height h above the level of the liquid outside. 
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Suppose the density of the liquid is d, and the radius of the capillary 
tube is r. Then the force due to surface tension is 2tt ry s since the 
periphery is 27rr, and the surface tension y. This 
must be equal to the mass of liquid raised, tt r 2 hdg. 

Hence, 

2my = 7 Tr 2 hdg, 

rhdg * ^ 


This is only the very elementary theoretical treat- j 

ment of the problem. For the corrections due to i 

angle of contact, text-books of physics should be H 

consulted. . ■ ; 

To carry out the experiment, it is seen that it is j 

necessary to determine the radius of the tube, and 1 , — — 

the height to which the liquid rises. The density 
of the liquid must be known, or must be found by Fia U3 _^ ise of 
another experiment. The radius of the capillary Liquid in a Capil- 
is best found* by placing a thread of mercury 2 or l ar y Tube, 

3 cm, long inside the tube and measuring its length 
at different points along the tube. If the length varies, another tube 
should be taken, for this indicates that the bore is not uniform. When 
the length has been measured accurately, the mercury is removed from 
the tube and weighed. From the weight of the mercury, and its 
density, the latter being supposed known, the volume of the mercury 
can be obtained. The length occupied by the mercury in the tube is 
measured, so the area of cross-section and also the radius of the tube 
.can be derived, " ■ , ■ » 

To determine the height to which the liquid rises in the tube, it is 
customary to use a cathetometer or travelling microscope. 

From the results, the surface tension can be calculated, using the 
formula derived above. 

(h) The Drop-weight Method . — The size of drop issuing from a 
capillary orifice is governed by the surface tension of the liquid. It was 
at first thought that the weight of a drop was proportional to the surface 
tension, hut it is now known that the relationship is not so simple as 
this. Mathematical expressions have been derived for the relationship 
between the surface tension, radius of the tube, drop-weights, etc., from 
which the absolute value of the surface tension of a liquid can be 
obtained. The method is, however, more frequently used to compare 
surface tensions. 

* The instrument employed is called a staiagmometer, and consists of a 
bulbed capillary tube, as shown in the figure. The tube is first cleaned 

out thoroughly with chromic* acid mixture, and then with distilled 
water, and dried. It is then filled to the top mark with the liquid under 
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observation. This is done by sucking up, as in a pipette, Tlie tube is 
placed over a weighed weighing bottle, and 10 drops are allowed to 
fall into it. The rate at which the drops fall should be adjusted so that 
they come at about one every two seconds. If the liquid falls faster than 
this, the drops may not be properly formed, and may 
be too small. The weight of the 10 drops is found. 
The apparatus is then carefully cleared out, and the 
— experiment repeated with the other liquid. If m x and 

m. 2 are the masses of 10 drops of the two liquids, and 
y, and y 2 are the surface tensions 


If the surface tension of one liquid is known, that of 
the other is readily calculated. Thus, if it is required 
to find the surface tension of benzene, the drop- 
weights of water and benzene would be compared, 
the surface tension of water being known, liaving 
been determined by some other methopL 
It is sometimes easier to determine the number of 
drops formed by a certain volume of liquid, instead 
of finding the mass of a drop. In this case the 
stalagmometer is filled to the top mark with the 
liquid under test, and the liquid is allowed to flow 
from the apparatus until the lower mark is reached, 
the number of drops being counted. The purpose of 
the small graduated portion of the tube is to enable 
fractions of a drop to be judged. The same procedure 
is adopted with the other liquid. Suppose that one 
liquid, of density d l9 produces n t drops, its surface 
tension being y l9 and that the other liquid of density 
d 2 , and surface tension y 2 , produces n 2 drops. Then 

yj m t vd l n 2 , y x 

y 2 m % vd 2 n^ ' * y 2 n x d 2 
The advantages of the drop-weight method are that it can be used at 
various temperatures by placing the whole apparatus in a thermostat, 
and lhat reliable results can be obtained rapidly. It suffers from the 
disadvantage that it is difficult to use for absolute determinations, and 
that the tip of the tube must be kept perfectly clean, otherwise bad 
results will be obtained. Ore must be taken to avoid vibration during 
an experiment. 

(c) The Tensiometer . — A very satisfactory determination of surface 
tension can be made in many cases by the tensiometric or detachment 
method. This method was developed by Wilhelmy and an improved 
apparatus is now available as a commercial instrument known as a 


Fig. 114.— 
Stalagmometer. 
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tensiometer, A platinum ring about 4 cm. in circumference bangs 
from the end of tbe beam of a torsion balance. The ring is dipped under 
the surface of the liquid and the force required to raise the ring from 
the surface is measured. This method can be used when only small 
amounts of liquid are available. 

176. Variation of Surface Tension with Temperature. — The surface 

tensions of ail substances vary with temperature. Usually there is a 
decrease as the temperature is increased. At firsffc sight, over small 
temperature ranges, the relationship between surface tension and 
temperature appears to be linear, but when larger temperature ranges 
are used the graph of surface tension against temperature shows a 
curvature. . . 

Van der Waals put forward an equation expressing the relationship, 
which has been modified by Sugden to the form 

y — Yo (l - T r f, .... (1) 

where T r is the reduced temperature (§ 98), and y 0 is the surface tension 
of the supercooled liquid at absolute zero, y is the surface tension at the 
reduced temperature T r . 

This equation is found to hold with some accuracy for most normal 
liquids, but there are deviations for liquids which are known to be 
associated, e.g., the alcohols. 

177. MacLeod’s Equation. — There is a relationship between surface 
tension and density which has been found extremely useful, as it forms 
the basis of the parachor (see next section). The equation was discovered 
by MacLeod in 1923, and states that 

y^C(D-d)* ( 1 ) 

where y is the surface tension, D is the density of the liquid, and d the 
density of the vapour, measured at the same temperature. The constant 
C is found to be independent of temperature, and the equation holds 
with accuracy over a large temperature range for normal liquids. 

Reverting now to the effect of temperature on surface tension, 

Ramsay and Shields found that if the quantity y \ where M is the 

molecular weight, was plotted against temperature a straight line was 
obtained. What is the significance of y The molecular volume 


and hence 


may represent the molecular surface. The 


surface tension measures thp surface energy, and hence y LSJ “ th “ 

molecular surface energy. The straight line referred to above does not 
pass through the origin, but the equation of the line is 





where T c is the critical temperature, and t is the temperature of observa- 
tion. This equation is referred to as the equation of Ramsay and Shields. 
Some time previous to the derivation of this expression, Eotvos had 

put forward the equation y ^ c ~ T), which is not so 

accurate as the Ramsay and Shields" equation. 

This equation has been derived more recently by considering the 
effect of temperature on surface tension and on density. The equation 
of van der Waals and Sugden has already been mentioned (last section), 
y = y.{ l-2* r )» . . ^ / . m 

It has been shown by Sugden that if the surface tension, y, is eliminated 
from MacLeod’s equat ion and from the equation just given, an expression 
of the form 

(D - d) = D 0 (I -2V)ft . . . . ^ (3) 

is obtained connecting density and temperature. D<> is the density of 
the supercooled liquid at the absolute zero. 

It follows from (3) that 

/ M V (M\\ 1 


Combining this with (2) 


This is Katayama’s form of the Eotvos equation — y \J) ) “ 

Jc(T c - T ) — the forerunner of the Ramsay and Shields’ equation. 

Ramsay and Shields’ equation is somewhat better than the Eotvo. 
equation, but that of Katayama is better still, especially if T c — 6 i: 
substituted for T c , making the equation 


It was at first thought that the value of„tlie constant k or ¥ in these 
equations was the same for all normal liquids, and equal to 2*12. If any 
liquid gave a constant differing from this it was supposed to be abnormal . 
Many liquids, known from other experiments to be associated, such as 
the alcohols and water do give constants differing widely from 2*12, but 
it has since been shown that some perfectly normal liquids give anoma- 
lous values for k, so that this is no criterion of abnormality. (See 
association of liquids, § 191.) 

178. The Farachor. — It has been seen in dealing with molecular 
volume that the value of this property is, on the whole, additive, but 
that there are irregularities, even when the molecular volume is found 



323 



Table XLYll . — Pabachoes 


at the boiling points, which are corresponding temperatures. The chief 
reason for this is the fact that every liquid has an internal pressure, due 
to the existence of attractive forces between the molecules. The internal 
pressures of various liquids are quite different, even at corresponding 
temperatures, and it is therefore to be expected that there will be 
ano mali es in the molecular volumes. If we could correct for the varying 
internal pressure, we should obtain a property which would he truly 
additive. 'V : V 

To a certain extent, surface tension is a measure of internal pressure, 
for it is governed by the attractive forces between the molecules. The 
reason why there is such a phenomenon as surface tension is because there 
is an inward force acting on the molecules at the surface (§ 174). We 
look to surface tension, therefore, to throw some light on the correction 
to be applied to molecular volumes in order to make them free from 
anomalies. 

For this purpose, Sugden made use of MacLeod's equation connecting 
surface tension and density, 

y = G {D - d)K 

Another way <rf writing this equation is 
Hence, for any liquid of molecular weight M, 




MCI = [PI 


is constant. The constant [P] is called the parachor. Since d is very 
small compared with D, the expression becomes the molecular volume 
multiplied by the fourth root of the surface tension. In other words, the 
parachor is a measure of the molecular volume at temperatures at which 
different liquids have the same surface tension. 

The parachor is an additive property. There are definite values 
associated with each atom, and also with various structures, such as the 
double and triple bonds, the rings, etc. The table below gives some of 
the values in common use: — 


H = 

17-1 

Triple bond . 


46*6 

G = 

4-8 

Double bond . 


23*2 

0 = 

200 

3-Ring . 


16*7 

N = 

12-5 

4-Ring ; . 


11*6 

S = 

48-5 

5-Ring . 


8*5 ^ 

01 = 

53*8 

6-Ring . 


6*1 

Br = 

68*0 

Single bond . 


0*0 (arbitary) 

i = 

90-0 

Semipolar double bond . 

- 1-6 

p = 

37*7 

0 2 in esters . 

. 

60*0 

. ■ 

; 
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It is obvious that, since the parachor is a strictly additive property, 
it cannot be used to differentiate between isomers, unless these have 
certain structural differences. 

179. Uses of the Parachor.— -In many cases the parachor has been 
of great use in deciding the structure of a substance. F or example, two 


The parachor for a substance with structure I is; (6 X 4-8) + 
(4 X 17-1) + (2 X 20*0) + (4 X 23*2) + 6*1 = 236*1 r 
and for a substance with structure II; (6 X 4*8) + (4 X 17*1) + 
(2 X 20*0) + (3 X 23*2) + (2 X 6*1) = 219*0. 

The values used here are taken from Table XLV, The value found by 
experiment is 236*8 which indicates that formula I is the correct one. 
The parachor has also been used to show that paraldehyde, which is 
made up of three molecules of acetaldehyde, has a cyclic and not a 
straight chain formula. The use of the parachor has helped con- 
siderably in the elucidation of many other structures, notably the 
structure of the isocyanide radical ° NO, and the constitution of the 
chlorides of certain dibasic organic acids, e.g., phthalyl chloride. There 
are numerous other problems which have been studied by means of the 
parachor for details of which the reader should consult Sugden’s “The 
Parachor and Valency”. 


D. Viscosity 


ISO# Definition, — All liquids possess a certain resistance to flow, 
which is called their viscosity. It is really a frictional effect due to 
the passage of one layer of liquid over another, and is sometimes 
referred to as such. . . ■ ;y: 

The coefficient of viscosity is defined as the force required per unit area 
to maintain unit difference of velocity between two parallel planes in the 
fluid, one centimetre apart. 

The smaller the coefficient of viscosity, the more rapidly does the 
liquid flow. The greater it is, the less rapidly does the liquid flow. Oils, 
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mm 


and liquids like glycerine, have a very high coefficient of viscosity, 
wMlst ether and similar liquids which we are accustomed to call “very 
mobile”, possess a low coefficient. 

The coefficient of viscosity is expressed in dynes per sq. cm. The unit 
of viscosity is called the poise (from the name of tho investigator who 
did most of the early work in the subject — Poiseuille). 

181. Determination of Viscosity. — It can easily be shown that 
when a liquid hows through a capillary tube of radius r, for a time t, 


Fig. 3 15. — Diagram of Koch’s Apparatus 
(after J. Newton Friend). 

under a constant pressure head p, the volume of liquid v, issuing from 
the tube, is given by 

» = ^- 4 . . . . . a ) 

8lr} k 

where rj is the coefficient of viscosity and l is the length of the tube. 

For the purposes of a simple experiment, it is possible to keep the 
pressure head almost constant by having a large reservoir of liquid 
and by carrying out the experiment over not too long a time. Tho fall 
in level of the liquid in the reservoir will then not be appreciable. For 
this experiment, a capillary tube of known length is connected to the 
bottom outlet of an aspirator, and at a given instant a tap is opened and 
the liquid is allowed to flow through the tube. After the flow has con- 
tinued for a definite time, determined by means of a stop-watch, the 
tap is closed, and the volume of liquid that has come through is 
measured. The radius of the tube is determined by measuring the length 
and mass of a mercury pellet placed in the tube. The tube should, of 
course, be selected for uniformity of bore, and tho temperature must be 
kept quite constant throughout the experiment. 

For the accurate determination of the coefficient of viscosity it is 
necessary to take into account the fact that the pressure head is not 
constant, and this can be done by an extension of the formula given 
above. v 
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The apparatus used for a more accurate determination is that due to 
Koch, and shown in outline in Fig. 115. 

The tubes A, B and 0, have the same radius, r v the liquid in A being 
allowed to fall from the mark A x to A a . During this time the liquid 
rises in C from C x to C 2 . In the diagram, h t and h 2 will be the initial 
and final pressure heads. Suppose the time taken for the liquid to fall 
from A x to A 2 is t secs. 

In a small time dt secs., a volume dv of liquid will have passed through 
the capillar}’ tube. If the pressure head at this moment is 

dv ^MAt, 

Sty 

where r is the radius of the capillary and d the density of the liquid. 
But, in the experiment 


If we substitute this value for dv in the above equation we have 


Integrating, 


Ah already stated, it is a difficult matter to determine the absolute 
coefficient of viscosity for a liquid, and, indeed, it is not usually 
necessary. As with surface tension, the relative viscosity of a liquid with 
respect, say, to water, may be determined; and then, knowing the 
coefficient of viscosity of water, which has been found by another 
experiment, the coefficient for the other liquid may readily he found. 

The simplest way to do this is to make use of the Ostwald viscometer. 
■Thin consists of a tube of the form shown in Fig. 116. The wider limb 
of the tube is first filled with the liquid r under examination, say water, 
and it is then sucked up to a level 0 in the narrow limb. The water is 
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then allowed to flow back, and the time taken for the level to fall from 
A to B is noted. The liquid passes through the capillary tube BD, and it 
is clear from equation (1) above, that the time of flow, f, will be pro- 
portional to the coefficient of viscosity. It is also inversely proportional 
to the density d. 


Fict. 117.— Ubbelohde 
Viscometer. 


Fig. 116 — Th© 
Gstwald Visco- 
meter. 


Hence. 


For a second liquid 


TT . ti 

Hence — ~= — — 

■q' d' t 

If the coefficient of viscosity of water is known, the coefficient for the 
other liquid is readily found. 

The result will not be quite accurate, since the pressure head will not 
be the same for the two liquids, owing to their differing densities. 
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With this apparatus it is quite easy to compare viscosities at different 
temperatures. The whole apparatus may be placed in a thermostat. 
Of course, it is necessary to maintain the temperature constant during 
an experiment. 

'There are a number of viscometers which are modifications of the 
Ostwald viscometer. In the Ubbelohde viscometer (Fig. 1 17) it is not 
necessary to determine the density of the liquid under investigation, 
as it was in the Ostwald apparatus. The two bulbs have the same 
volume and are at the same level (as nearly as possible). The liquid is 
sucked up to the levels a and V and is driven through by applying a 
constant dry air pressure at 0. The time taken for the liquid to flow 
from b* to a f is noted. If the time and pressure for one liquid, say 
water, are t and p and for a second liquid t 1 and p x then the viscosity 
of the latter can be found from the relationship 731 = yjPihlP^ 

By taking the average of the times to flow from right to left and from 
left to right compensation is made for any differences in the volumes 
and levels of the bulbs. Fluctuations of pressure can also be corrected, 
to reduce the error caused by a varying head of liquid Ubbelohde used 
a capillary with a wider tube below. 

There are many other types of viscometer depending upon such 
phenomena as the fall of a sphere through a liquid, or the force required 
to twist one plate relative to another in a liquid, but there is no need to 
describe them in detail here. 

182. Viscosity and Constitutioii.— The connection between viscosity 
and constitution is not very marked, though a few relationships have 
been noted. For example, in an homologous series, the increase in 
viscosity per CH 2 group is roughly constant, 

useful relationship between viscosity and molecular volume was 
discovered by Dunstan; it may be expressed as follows: 

X 10 6 — 40 to 60, 

M 

where d is the density, M the molecular weight and 7 ] the coefficient of 
viscosity of the liquid. This relationship holds only for normal liquids. 
For associated liquids, the number is considerably greater than this. 
The values for a few substances are given in-the table below: — 

Table XLYII1 

bsrnnce. Formula. Jf 1 x 106 

Benzene . C 6 H 6 73 

Toluene . C 8 H 5 . CH 3 56 

Acetone . CEL . CO . CH a 43 


Normal 

Liquids 


Water , 
Glycol , 
Glycerol 




yrvrC-' 
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This expression has been used as a criterion of association (§ 191 ). 

Measurements of the viscosities of solutions of polymers have been 
applied to the determination of the molecular weight of polymers. If 
the viscosity of a solution is 73 at concentration c, and the viscosity of 
pure solvent is v\ 0 then the specific viscosity of a solution is defined by 
the relationship 


Although the function ~ is nearly constant with variation of con- 
centration, it is found to vary in an approximately linear manner. 
The value of ~~~ obtained by extrapolating a plot of ~~ against con- 
centration, c, to zero concentration gives what is called the intrinsic 

viscosity, [tj]. 

Staudinger and later workers found empirically that the relation 
intrinsic viscosity [ 73 ] = kM~ a is valid for solutions of long chain 
molecules (such as polymers) in neutral solvents (such as benzene). ■ 
K and a are const ants for a particular series of long chain compounds, 
and M is the average molecular weight of the long chain molecules. 
Originally Staudinger suggested a value of unity for a; it has since 
been found to have values usually less than one. Theoretical con- 
siderations suggest that the value of a depends on the extent to which 
the long chain molecule is coiled. When the chain is coiled into a ball 
the value of a approaches zero; when the chain is kinked at random 
the value of a approaches 0*5 for very long chains. In using the 
Staudinger expression to determine the molecular weights of polymers 
it is necessary to determine the values of a and K for the series of 
compounds being studied. This may be done by finding the viscosities 
of two solutions of a substance for which the molecular weight has been 
determined independently, e.g., by osmotic pressure measurements. 
The Staudinger relationship is used extensively in polymer chemistry. 


(a) Optical Activity 

183. Polarisation of Light. — By the term “optical activity'” is 
understood the power possessed by certain substances to rotate the 
plane of polarisation of light. 

Ordinary light may be supposed, for our present purpose, to be a 
transverse wave-motion. The oscillations which make up a train of 
waves are at right angles to the direction of propagation, but may take 


, - 
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place in any plane. Tims if a ray of light were travelling in the plane of 
this paper, the transverse oscillations themselves might take place in 
any plane, in the paper, or out of it. Some might be at right angles to 
the plane of the paper, others at 45°, or any other angle. All that is 
meant by saying that light travels in a certain direction is that the 
direction of travel of the waves is the same. Ho direction is specified for 
. the actual oscillations. 

If, by any means, light can be obtained in which the oscillations are 
all in one plane, the light is said to be polarised. Thus, if we have light 
travelling in the plane of this paper, and by some means or other we 
make all the oscillations of the light take place in the plan© of the paper 
too, then we have light which is polarised in the plane of the paper. 
This plane polarisation may be brought about by various means. Thus, 
when light is reflected from certain surfaces there is always a con- 
siderable degree of polarisation. It may be noted here that it may not be 
possible to polarise a beam of light completely, but it may be possible 
to get the greater proportion of oscillations to take place in one plane. 
When light passes through certain crystals in a certain direction, it may 
emerge polarised. One of the best crystals for this purpose is calcite, 
which has the property of double refraction. When light falls on to a 
calcite crystal, it is split up by the crystal into two rays, the crystal 
appearing to possess different refractive indices for the two rays. The 
first is called the ordinary ray, the second, the extraordinary ray. How, 
on examination, both these rays are found to be polarised, one in a 
glane at right angles to the other. If a crystal of calcite is so cut that 
only one of the rays emerges, the other being returned by internal 
reflection, a beam of polarised light is produced. A calcite crystal cut in 
Ibis manner is called a Nicol prism. 

If the beam of light emerging from a Hicol prism is passed on to 
another similar prism, it will get through if the second prism is in 
exactly the same position as the first, but if turned so that it is at 90° to 
the first, no light will get through, but it will all bo totally internally 
reflected. 

An illustration from Stewart’s ^Stereochemistry” will make this 
quite clear. Suppose we have two books lying on a table. A flat ruler 
may be made to pass through both of them. If, however, one book is 
placed so that its plane is at right angles to that of the other, the ruler 
which gets through one will not be able to get through the other. The 
first book stands for the first Nicol prism. Light emerging from it will 
be polarised in one plane — this is represented by the ruler. If this 
polarised light falls on another Hicol prism it may get through or it may 
not, it depends upon the relationship of the second prism to the first. 
If its crystal planes are in the same planes as those of the first the light 
will get through, just as when the leaves of the second hook arc in the 
same planes as those of the first, the ruler gets through. If they are at 
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off of all possibility of the ruler from getting through, whereas 
in the ease of light, total darkness is only attained when the two cry a 3 

"fc! Srtato' u'qui* and solid, are «P*No of a '^J^ l ^ 0 ^Sw 

susrss ; 

complete right angle to get total darkness, but that they have to he at 
romo othOT angle\o each other. This is because, during its passage 
Zugt thoSid, the polarised light has been turned through a certam 
angle 8 The rotation is progressive, and hence will _ depend u P on _ th « 
length of the substance through which the light has to P®®- JL 
possible to turn the plane of polarisation through several revolutions if 
the length of substance is greatenough. ^ + „ ^ 

Certain liquids rotate the \ 
and are called dextro-rotatory, 
called lse vo-rotatory. 
confined to pure 1 _ 

The amount of rotation is 
called a polarimefcer, which 
consists essentially of two Nicols, which can 
each other, i.e., one is fixed, and the other can 
two Nicola there is a space into which can - 

liquid under examination- These tubes are 
5 cm., 10 cm., 20 cm. and 25 cm., so ^ 
which the light passes is known. For a - 
bxstrument the practical text-books should be consulted. 

The apparatus is set up without the tube of liquid, and a beam of 
monochromatic light is passed through the instrument. This may be 
sodium light, or one of the mercury lines may be used. The light passes 
through the polarising prism, called the polariser, and fells on the second 
prism called the analyser. The analyser is turned until there is complete 
darkness, and the reading of the scale is taken. Now the tube of liquid 
is inserted. On looking through the analyser, the field now appears 
bright, because the liquid has rotated the plane of polarisation, andthe 
analyser is now no longer at right angles to the vibrations of the beam. 
It has to be turned through a certain angle for complete darkness again 
to be reached. This is the angle through which the plane of polarisation 
has been rotated. Modem polarimeters have numerous improvements 
over the simple type, the essentials of which are described above. 

Besides depending upon the length of the substance through which 
the light has to pass, the rotation a, depends upon the density of the 
substance, the temperature, and the wavelength of light used. 


plane of polarisation of light to the right, 
y. Others rotate it to the left, and are 
■_ y . It should be mentioned that this property is not 
liquids and solids, but also applies to solutions. 

sured by means of an instrument 

of the facts explained above. It 

he rotated with respect to 

_ _.i be rotated. Between the 

be fitted a tube containing the 

j made of definite lengths, 

that the length of liquid through 
complete description of the 





known as lactic acid, nas an asymmetric < 
asterisk. It exists in three forms, two 
“racemic” or externally compensated mix 
For further details of this important si 
chemistry should be consulted. 
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The specific rotatory power of a pure liquid is given by the equation 


r f a 

= u 


where [af D is the specific rotatory power. at a temperature t, and for 
light of the sodium D lino, l is the length of the column of liquid in 
decimetres, and d is the density in grams per c.c. 

For a solution, the concentration is substituted for density and the 
equation becomes 


The concentration c is expressed in grams per c.c. of solution. 
The molecular rotation is given by 

If [a] 


[MX 


where M is the molecular weight. 

184. Optical Activity and Chemical Constitution.— Optical activity 
is bound up with asymmetry of the molecule or crystal structure. 
Thus, if an organic compound has an “asymmetric” carbon atom, it is 
optically active, and exists in two distinct forms, or more. One form is 
dextro-rotatory, the other Isevo-rotatory to the same extent. A third 
form, consisting of a mixture of the other two in e quimolecular propor- 
tions also exists, which can be separated by various means into the two 
optically active components. Such a substance is said to be “externally 
compensated”. Sometimes, a fourth form is known, which, although 
optically inactive, is not a mixture of the optically active forms because 
it cannot be resolved into those forms by any method. This form is 
called “internally compensated”, and exists where there are two or 
more asymmetric atoms in the molecule. An example of this is given 
by tartaric acid. • ; 

By an asymmetric carbon atom wo mean one that is joined to four 
different atoms or groups. Thus, the compound 





185* Methods of Observation.— If a beam of polarised ngm is passeu 
through a transparent substance placed in the field of an electromagne , 
<o that the light travels in the direction of the luies of force, the plane of 
polarisation is rotated. This must not be confused with ordmayy optical 
activity. It is a general effect, and is shown by all transparent substances, 
not oiv those having an asymmetric carbon atom. This magnetic 
rotation will be dependent upon the direction of the lines of force, so 
that by means of a suitable apparatus it is possible to reflect the hght 
back upon itself, and thus increase the rotation. The angle of rotation, 
to, is proportional to the length, l, of substance used, and also to the 
strength of the magnetic field, H . Hence 

The constant <f> is called Yerdet’s constant. It has been found that this 
varies with the nature of the substance, the wavelength of light used 
and the temperature, though the influence of temperature on magnetic 
rotation is small. 
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The relative molecular magnetic rotation is given by 


where M is the molecular weight of the substance, and m is the molecular 
weight of water. ■ 

The absolute molecular magnetic rotation, can readily be found 
by multiplying the right-hand side of the equation by the absolute 
value for water, which has been found by Dodger and Watson to be 
0*01312 minutes of arc at 20° 0. 

^ 0-01312 M a . , , 

jl minutes of arc. 


186* Magnetic Rotation and Structure.— Since isomeric substances 
give diff erent values for the molecular magnetic rotation it is clear that 
the property is not merely additive but i is also constitutive. It is 
impossi ble to give a detailed list of the results obtained here; all that can 
be done is to mention briefly some of them. 1 

It has been found that geometrical isomers have a different magnetic 
rotation, the “trans” modification possessing the greater, as a rule. 
Optical isomers also differ in magnetic rotation, but only slightly. 

Thus, ; 

Ethyl maleate . . , 9-625 

Ethyl fumarate . . . 10*112 

Ethyl tartrate . . . 8-766 

# Ethyl racemate . . . 8-759 

Glucose . . . . 6*723 

Galactose . . . y. 6-887 

* Prom the consideration of a large number of observations on different 
homologous series, Perkin arrived at the value 1-023 for the CH 2 group. 
A list of values for the different groups has been drawn up, but it is 
necessary to add a “series constant”, which varies with the series to 
which the substance belongs, when computing the magnetic rotation of a 
compound. Thus, the series constant for the fatty acids is 0-393, for the 
normal paraffins it is 0-508, and for ketones 0*375. 

The method has been useful in deciding structures, e.gr., in cases of 
ketoenol tautomerism (aeetoacetic ester), and was applied by Perkin 
t o the study of the terpenes. 


(c) Refbaotivity 

187. Formulae for Refraetivity.— As a result of work begun in 1858, 

* For a detailed account, and list of valres, see Cohen, “Organic Oiemlsfcry,” 
; m.H. (Arnold), pp. 45-66. 
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Gladstone and Bale proposed that, when comparing the refractive 
indices of substances, the density should be eliminated, as the refractive 
index is largely influenced by this. They therefore used the formula 


r is called the specific refractive index, or the specific refractivity; n is 
the refractive index, and d the density. 

In 1880, a second formula was put forward simultaneously by H. A. 
Lorcntz, of Leyden, and L. Lorenz, of Copenhagen. This was 


n 2 + 2 d 

This formula is independent of pressure and temperature, whilst that 
of Gladstone and Bale is not. It is now the usually accepted formula, 
alt hough that of Gladstone and Bale is still sometimes used. Whilst the 
latter is simply empirical, the Lorentz and Lorenz equation was derived 
from considerations of the Clerk Maxwell electromagnetic theory of 
light. 

The molecular refractivity (M) is obtained by multiplying the specific 
refractivity by the molecular weight (m) of the substance: — 


d ’ n 2 +2 d 

Refractive index is usually determined by the refractometer. 
Pulfrieh’s refractometer is the one most frequently used. There is no 
space for a description of the instrument here; the practical text-books 
should be consulted. With a good instrument the refractive index can 
be determined to the fourth decimal place, so that the determination of 
refractivities is a matter of great accuracy. The value, of course, varies 
with the wavelength of the light employed, which must always be 
specified. 

188. Refractivity mi Constitution. — Refractivity is additive, and 
also constitutive. It has been found that similarly constituted isomers 
have the same refractivities; the figures for isopropyl alcohol and 
propyl alcohol are 17-44 and 17-42 respectively (using light of the 
hydrogen a line, Ha). The values for butyl iodide and isobutyl iodide 
are exactly the same, 33-25. It seems reasonable, then, to assume that 
spatial differences do not make a great effect on the refractivity. 
However, differences have been found among geometrical isomers, but 
not among optical isomers. 

By studying the refractivities of a number of homologous series, the 
value for CS s found to be 4*57. Table «XLIX. gives the values 
obtained for some elements and groupings. 
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Carbon C 
Hydrogen H . 
Oxygen O' (enol) . 
>> 0< (ethers) 

„ O^(keto) 

Chlorine Cl , 
Bromine Br . 
Double bond ~ 

Triple bond ===" 


Difference. 


(Isolated) Diallyl, CH 2 : CH.CHo.CH 2 .CH : CH 2 . 
(Cumulated) Valerylene, (CH 3 ) 2 C : C : CH 2 
(Conjugated) Isodiallyl, CH 3 .CH : CH.CH : CH. 

CH 3 # . . 

(Twice conjugated) Hexatriene, CH« : CH.CH : 
CH.CH : CHo . . 


Bing formation seems to exert little influence, at any rate, where the 
members of the ring exceed four in number. A peculiar point is that the 
value for the double bond varies with the arrangement of the double 
bonds in the compound. A compound containing conjugated double 
bonds, i.e., the grouping — C=C — C=C — , has a higher refractivity 
than that calculated from the ordinary constants. This “exaltation”, as 
it is called, is characteristic of compounds containing the conjugated 
double bond. When two double bonds occur together, i.e., when they 
are cumulated, there is also a difference in the value. 

It is to be noted that optical exaltation has not been observed in 
benzene, although it would appear to haVe a series of conjugated double 
bonds. At one time this was used as an argument against 

1 CH 

HC/SCH 



m 



tie KekuU formula in favour of the centric formula, but it has since 
been shown, on comparison with other ring compounds containing a 
conjugated system, that benzene is no exception to the general rule. 

The property of refractivity has been useful in providing evidence for 
the formulae of some compounds belonging to the terpene and camphor 
class, and also in studying the phenomenon of dynamic isomerism such 
as exists in koto-end isomerism as typified by acetoacetic ester, 
CH a COCH 2 COOC 2 H 5 . 

CH, . CO . CH 2 . COOC 2 H 6 ^CH 3 . C(OH) : OH . COOC 2 H 5 . 

The results have not, however, proved entirely trustworthy. Calcula- 
tions of the quantities of the two forms present in the equilibrium 
mixture based on refractivity do not agree with those obtained , by 
chemical or other physical means. Hantzseh has also applied refrac- 
tivity to the study of salt formation with the pseudo acids. 


# ( d ) Absorption op Light 

Although not strictly a property of liquids alone, the study of light 
absorption, as far as it concerns chemical constitution, is best taken 
here. Further mention of this subject will be made in the chapter on 
Photochemistry (Chapter XIX.), ■ ■ /vl' 

189* Absorption Spectra and . their Determination. — When a beam 
of white light is passed through a prism it is broken up into its Con- 
stituent colours, owing to the variation of the refractive index of the 
glass for different coloured lights, a spectrum being formed. If now some 
transparent substance, solid, liquid, or gas, is placed in this spectrum, 
certain parts of the spectrum will be absorbed, and where this occurs 
dark bands, known as absorption bands, will appear. Thus, if a sub- 
stance absorbs orange light, this part of the spectrum will be reduced in 
intensity in the light which has passed through the substance. We say 
that the substance has an absorption band in the orange. 

Absorption bands are studied by means of an instrument called a 
spectrophotometer, which Vill give in addition to the position of the 
bands their relative intensities. The Beckmann quartz spectrophoto- 
meter will be described: this is one of the most widely used photo- 
electric spectrophotometers. The essential parts are shown in Fig. 119. 
Light enters from a source L. This source may be an ordinary tungsten 
filament incandescent lamp for the visible, near ultra-violet and 
infra-red regions, a hydrogen discharge tube in the ultra-violet region, 
and mercury vapour lamps when very high levels of illumination are 
desired. The light is reflected from mirror A to mirror B, through a 
variable slit S, then on to a concave mirror C and reflected from there 
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on to a quartz prism with a reflecting back surface. A beam of mono- 
chromatic light is then reflected from the prism back on to the concave 
mirror, and thence out through the slit, through the absorption cells 
and on to a photo-electric tube P. This tube measures the amount of 
light transmitted. By rotating the prism, light of various wavelengths 
can be passed through the cells. A cell containing the solvent being 
used is first placed in the path of the beam, followed by a cell containing 
the solution of the substance under examination. This procedure 
enables us to eliminate the absorption dne to the solvent. This is 
carried out for a series of wavelengths. We can then find how the 
absorption of the substance varies over the range of wavelengths being 
studied. 

Quartz prism with 

reflecting hack surface 


This instrument has a variable slit. The range is from 22 0 to 1,000 
Mfi and to cover this range two light sources are employed, a hydrogen 
discharge bulb for the range 220 to 320 M/x and a tungsten bulb for the 
range 320 to 1,000 M/x. The hydrogen discharge bulb is operated from 
an electronically controlled voltage supply, and the tungsten bulb is 
operated from a storage battery. The measuring tubes are vacuum 
phbtoemissive type cells; two different tubes are used to cover the 
range of the instrument. 

It is found that every substance absorbs light of some wavelength. 
The range of wavelengths absorbed is called an absorption band. 

190. Absorption Spectra and Chemical Constitution.— The relation- 
ship between colour and chemical constitution is a question which 
cannot be studied here. It is our purpose to note some examples of the 
use of the absorption spectrum in helping to decide questions of 
constitution. 

In the first place it must be said that at present we bare no method 
of stating a priori what the absorption spectrum of a given compound is 
going to be like. The only way in which the absorption spectrum can be 
used is by a comparative method. It has often been found that sub- 
stances of similar constitution have similar absorption spectra (Hartley’s 
rule). For example, all the permanganates in solution show similar 
absorption bands; methyl and ethyl esters usually have very similar 
spectra , and so on. Hence if n is found that two substances 










have similar absorption spectra, it is usually safe to say that they also 
have similar constitutions. In this way the study of absorption spectra 
has proved of considerable value in deciding questions of structure. 

A few examples may be taken. First of all, consider the substance 
isatin, the oxidation product of indigo. This almost colourless substance 
may, according to its chemical properties, be regarded as possessing a 
lactim or a lactam structure. The two formulae are given below. 


C e H 4 / ^C.OH 
N 

Lactim. 


CO 

c 6 h 4 /\co 

NH 

Lactam. 


Two isomeric methyl derivatives of isatin are known. Their formulae are 


CO 

C«H t <^ N >C(OCH 8 ) and 


CO 

c 6 h 4 /\co 

nch 3 


It is known that the introduction of a methyl group into a molecule 
makes very little difference to the absorption spectrum. The absorption 
spectrum of the second methyl derivative resembles that of isatin very 
closely. Hence it argued that isatin has the formula II, i.e., it has the 
lactam structure. 

This method has also been of use in the determination of the structure 
of the alkaloids, such as cotarnine and hydrastine. 

Hartley, Bobbie, and Lauder studied keto-enol tautomerism by this 
means, and were able to show, by comparing its absorption spectrum 
with that of its methyl ether, that phloroglucinol, which sometimes acts 
as a phenol and sometimes as a ketone, exists almost entirely in the 
phenolic form in the free state. 

There are many other cases of the use of absorption spectra in 
deciding constitution, but for these the larger text-books or mono- 
graphs should be consulted. 


F. The Moiechteax Weights of Liquids 
191. The Determination of the Molecular Weight of a Liquid. — It 
is a matter of some difficulty to determine the molecular weight of a 
liquid. Whilst the molecular weight of a vapour or a gas is readily 
determined by finding its density and applying the corrected Avogadro 
Hypothesis, no such method is available for the determination of the 
molecular weight of a substance in the liquid state. In order to do this 
it is necessary to make use of some of the properties already mentioned. 

One method is to make use? of the equation of Ramsay and Shields 
{§ 177}, connectingmolecular surface energy with temperature. 

.. ■. ■ V ;■ ■■■;::•■ ; 
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The value of k for a number of liquids was found to be 2*12, and as so 
many gave this value, it was assumed that these were normal liquids. 
Some liquids, however, give a value for k less than 2*12, and these are 
supposed to be associated, i.e., their molecular state consists of aggre- 
gates of simple molecules. If a? is the degree of association (i.e., the 
aggregates consist of x simple molecules), then Mx is the molecular 
weight of the substance, and presumably, if this is used instead of If, 
the Ramsay and Shields' equation should be obeyed. Hence 


Thus x can be found. 

In this way, the molecular weight of water has been shown to agree 
with the formula (H 2 G) 3 at certain temperatures. The molecular com- 
plexity decreases as the temperature rises, as is shown in the accom- 
panying table. At 60° C. water would appear to be (H 2 0) 3 ; at 20° 0. it 
is clearly a mixture of (H 2 0) 3 and some higher molecular aggregates. 

By this method a number of liquids have been found to be associated 
as shown in Table LI. (II.). 


Table LI. — (I.) — Degree of Association of Water 


Some objections have recently been made concerning the use of the 
Ramsay and Shields* equation for this purpose. Some observers urge 
the approximate nature of the Ramsay and Shields* equation, hut a far 
more important objection is that brought forward by Dutoit and Mojoiu. 
The surface tension measures conditions at the surface of a liquid and 
not in its interior. It has been shown by Gibbs and others (§ 360) that 
these surface conditions are quite abnormal Thus, in dealing with a 
solution, the concentration of solute is not the same at the surface as in 
the btilk of the liquid. Hence it is justifiable to assume that there will 
be a difference of molecular weight at the surface of a liquid, and this 
would be the one measured by the Ramsay and Shields* equation. It 
cannot be argued that if a liquid is associated at the surface it will be 
associated in the interior of the liquid. 

A further objection is the fact that it is definitely known that certain 
liquids which would not be expected to be associated give values for k 
which are somewhat removed (both abo vo&nd below) from the value 2*12. 

The general conclusion is, therefore, that if is not safe to argue about 
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Table LI (II.)— Association car Liquids 


the actual degree of association from the Ramsay and Shields’ equation, 
though it may be used to show the existence of association from the 
qualitative paint of view. '■ 

Several other methods of deciding whether a liquid is associated or 
not are based on surface tension. The parachor has already been referred 
to (§ 178). It will bo remembered that this constant is defined by tho 
equation 

rpi_ 


which involves the molecular weight. If the constituent groups of the 
molecule of a compound are known, its parachor can bo calculated from 
the table of constants which has been drawn up. The parachor can also 
bo found from the above equation. If the two values agree, the sub- 
stance is normal; if not, it is abnormal. Unfortunately this method 
requires the knowledge of the constitution of the substance before 
anything can he done, and hence is of little use for determining the 
molecular weight of an unknown liquid. 

Most normal liquids obey Trouton’s Rule, which states that 

mi : OT 

— = const. = 21, 

where M is the molecular weight, l the latent heat of evaporation, and 
T the boiling point of the liquid on the absolute scale. Abnormal liquids 
deviate considerably from this rule. However, the rule is not sufficiently 
accurate to enable a direct determination of the molecular weight to be 
made. 

The molecular volume, which is an additive property, may be used 
in a similar way to the paraehor to find out whether a liquid is associated, 
but it is not of any use in determining the amount of association. The 
structure of the substance must be known, when the molecular volume 


. SiilMtaacft.. 

Temp. Interval, 

O c. 

Degree of- 
Association.... 

Methyl alcohol ..... 

16-78 

3-43-3-24 

Ethyl alcohol ..... 

16-78 

2-74-2-43 

Acetic acid 

16-132 

3-62-2-77 

Phenol 

46-184 

1-42-1-18 

Phosphorus , . ... 

78-132 

3-76 

Sulphur 

115-160 

6-00 

Nitrogen dioxide . . . . ; 

2-20 

2-02 

Sodium nitrate ..... 

300-400 

10-68 

Potassium nitrate .... 

341-407 

8-73 
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can be calculated from the list of constants drawn up. The molecular 
volume can also be obtained by experiment. A comparison of the two 
will give some idea as to whether the liquid is normal 

Sometimes certain physical properties of a liquid give a hint as to 
their complexity. If we take water as an example we find that it con- 
tracts on heating from 0° C. to 4° 0., but above this temperature it 
expands. It is clear that near this temperature, 4° C., there is some 
alteration in the equilibrium between the liquid molecules. 

Ramsay and Young's rule concerning the boiling points of related 
liquids may bo used for detecting association (§ 169). 

It was also remarked in connection with viscosity that the ratio 

i-rixm 

M 

where d is the density, 7} the coefficient of viscosity, and M the molecular 
.weight (apparent), comes out between 40 and 60 for normal liquids, 
whereas for associated liquids the value is considerably higher. This can 
be used as a criterion of association (§ 182). 

192. Some Properties ol Associated Litnids.— Many of the liquids 
which have been shown by various methods to be associated, are found 
to possess certain properties in common. 

In the first place, associated liquids frequently contain the hydroxyl 
group. The reason why association takes place when this group is 
present is probably because the OH group possesses both donor and 
acceptor properties (§ 75), and because of the readiness with which 
hydrogen bonds are formed (§ 85). The OH group can therefore 
co-ordinate with itself. The association, where it exists in these cases, 
depends upon the presence of both the hydrogen and the oxygen of 
life hydroxyl, for if one of them is absent the liquid behaves normally. 
Thus, ether (C 2 H & ) 2 0, which contains only the oxygen, is not abnormal; 
ethyl alcohol is. The compound C 2 H 5 . H or ethane, is normal. 

It is found that associated liquids fall into two classes; those where the 
association factor appears to be limited to two, and where the limit is 
nearly reached at comparatively low concentrations, when the substance 
is dissolved in non-associating solvents; and those where the association 
factor is much higher, but the association is 'much less in dilute solution. 
Examples of the first class are the carboxylic acids, and of the second 
the alcohols and phenols. The carboxylic acids, such as acetic, seem 
never to be associated to aggregates containing more than two simp le 
molecules, whereas the alcohols and phenols form larger aggregates. 

Associated liquids are usually miscible in all proportions with each 
other, but not with normal liquids; similarly normal liquids are usually 
completely miscible with each other, but not with associated liquids. 
Thus the associated liquids water and ethyl alcohol are miscible in all 
proportions; the normal liquids ether* and benzene are completely 
mkeible, but water and benzene are not miscible. " ' 
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Associated liquids have all the properties of co-ordinated compounds, 
as would bo expected if the theory that association is due to the 
presence of both donor and acceptor properties in the molecule is true. 
Especially do they possess low volatility and high dielectric constants. 

If water were a normal liquid, its boiling point would be very much 
lower than it is. It is known that the ethers boil at temperatures about 
60 s C. lower than the thio-ethers. The latter compounds arc related to 
the former by the fact that they are ethers, the oxygen of which has 
been replaced by sulphur. 

c 2 H 5V c 2 pl v 


c 2 h/ C 2 H/ 

Ether. Thio -ether. 

Mow, if wo apply this to the case of water, we find that sulphuretted 
hydrogen boils at - 60° C. Hence water should boil at - 120° C., if it 
were normal. Its true boiling point is, of course, 100° C., 220° C. more 
than that calculated on the assumption that it is normal. We are 
therefore justified in saying that it is an abnormal liquid, and that it is 
much less volatile than it would otherwise be. 


Table LII 


Associated Liquids. 


Normal Liquids. 


Water • * 
Formic acid . 
Methyl alcohol 
Acetamide 
Acetic acid 
Ethyl alcohol 
Amyl alcohol . 
Glycerol 


Carbon tetrachloride 
Acetic anhydride 
Benzene . 

Ether . ■ . 

Nitrobenzene . 
Carbon disulphide 
Chloroform y 
Ethyl acetate . 
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to gases in their lack of resistance to shearing forces; neither liquids 
nor gases have a fixed shape but take up the shape of the vessel which 
they occupy. The resemblance of liquids to solids is shown by the 
similarity in density and compressibility. We can say, therefore, that 
the behaviour of liquids is intermediate between that of gases and 
solids. The structure of liquids shows the characteristics both of solids 
and gases. 

Density determinations for a gas at room temperatures and normal 
pressures show that the average distance between molecules is of the 
order of 20 A,; for solids the average distance is of the order of 3 A., 
and for liquids a little over 3 A. An important consequence of this is 
that while intermolecular forces need not be considered in an 
approximate treatment of gases the same is not true for liquids. 
Because of this we can regard the structure of liquids as involving 
molecules being packed together in a manner somewhat similar to the 
molecules of a solid. However, the stmet.nTA 
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the basis of the structure of solids. In a liquid the spheres are regarded 
as being packed loosely, that is in a volume greater than the minimum 
necessary volume and the arrangement of spheres so obtained is not 
regular. By considering the loose packing of spheres it is possible to 
get agreement with the X-ray data for liquids. Thus liquids may be 
considered as imperfect crystals (as crystals with holes) and on the 
basis of this model the process of the evaporation of a liquid can be 
accounted for theoretically. The model, however, will not account for 
the process of fusion. The hole model of a liquid is improved by the 
free volume model which considers the molecules of a liquid as being 
confined within a small volume by surrounding molecules. Within 
this confinement a molecule is free to move as a molecule of an ideal 
gas. The volume available to the centre of an average molecule in its 
motion is called the free volume. The free volume is not the volume of 
the hole in which the molecule moves, for the molecule occupies a 
finite space. Nor is it the volume of the hole minus the volume of the 
molecule for there are crevices between the neighbouring molecules 
into which the central molecule cannot squeeze. It is best to regard 
free volume as something to be determined experimentally. The free 
volume model enables us to describe the process of fusion as well as 
that of evaporation. U.vV-- 

The theories described above consider a liquid as an imperfect solid. 
A liquid may also be considered as an imperfect gas. Such a theory 
which considers the effect of intermolecular forces of attraction and 
repulsion that operate within a liquid has been applied to the theory of 
condensation with some success. 

The structure of water has been studied by X-ray methods. In ice 
each oxygen atom is tetrahedrally attached to four other oxygen 
atoms by means of hydrogen bonds. The structure is not a close 
packed one. Melting leads to the breaking of the ice structure with 
fission of some hydrogen bonds. The fragments resulting tend to pack 
as closely as possible. As a result some of the oxygen atoms have more 
than four molecules packed around them; they increase their quota of 
nearest neighbours. This leads to an increase in density. As the 
temperature increases, the* increase of density due to a breaking of 
bonds will continue. However* the effect is outweighed by an increase 
of thermal agitation with temperature with a consequent decrease in 
density. 
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CHEMICAL KINETICS AND EQUILIRRI 


194. Velocity o! Reaction. — Every chemical reaction under specified 
conditions of temperature, concentration, etc., proceeds at a definite 
speed. The majority of inorganic reactions, namely, those which take 
place between ions, proceed very rapidly, and would commonly be 
called instantaneous. Actually, however, they each have a definite 
speed. Most organic reactions, which take place between covalent 
compounds, proceed much more slowly. 

The speed of a reaction may be defined as the weight of the reactants 
transformed, in gram-molecules, per second (see also § 196). 

There are a number of factors which alter the speed pf a reaction. 
They are temperature, concentration, and catalysis, although there may 
also be others, such as surface tension. 

195. Reaction^. The Nature of Equihbrium. — It has 
been known for some time that many chemical reactions do not go to 
completion as indicated by the equations representing them. Thus, 
when phosphorus pentachloride is heated in a closed vessel, the reaction 

pa 5 = pci 3 + CI 2 

takes place; but the pentachloride is not entirely converted into 

trichloride and chlorine. At a certain stage in the process, the reaction 

stops and a mixture of the pentachloride, trichloride, and chlorine is 

obtained. If some phosphorus trichloride, together with an equivalent 

quantity of chlorine, is heated in a closed vessel t o the same temperature 

as the pentachloride in the first experiment, it will be found that some 

phosphorus pentachloride is formed, and, at the same temperature, the 

final composition of the mixtures in both experiments will be the same. 

It would therefore appear that the phosphorus trichloride is recombining 

with # the chlorine as fast as the pentachloride is decomposing. When this 

occurs there is a state of equilibrium. Reactions which can proceed in 

■ both directions acco rding to the experiments^ 

~ ~ 

Another common example of a reversible reaction is the action of 
steam cm red-hot iron. It is well known that hydrogen is prepared by 
this method, and that the residue is ferroso-ferric oxide, Ee 3 0 4 . 

3Fe*f 4H 2 0 = Fe 3 0 4 + 4H* •/• 

If this reaction were to be carried out in a closed vessel, as it could, for 
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the pressure, it would be found that it does not proceed to completion, 
but that only a certain proportion of the water is converted into 
hydrogen. If the reverse reaction were carried out, at the same tem- 
perature as before, and under exactly the same conditions, it would be 
found that the composition of the equilibrium mixture would be the 
same. Hence, although the reaction comes to a standstill, this is only an 
apparent standstill. Actually the reactions are proceeding all the time, 
but the forward reaction is going on at exactly the same rate as the 
backward. There is thus no actual stoppage of the reaction. In the 
ordinary laboratory preparation of hydrogen by passing steam over red- 
hot iron, the back reaction is not permitted to occur, for the hydrogen 
is swept out of the apparatus by the oncoming steam, and prevented 
from reacting with the ferroso-ferric oxide formed. Similarly with 
many other reactions. It is necessary to take careful consideration of 
the conditions of a reaction before saying whether it will proceed in the 
forward direction, in the backward direction, or both simultaneously. 

It has been said that all chemical reactions are reversible. This may 
be true if these reactions may be carried out under any chosen con- 
ditions, but the majority of chemical reactions, as they are performed 
in the laboratory, proceed in one direction oplj. The precipitation of 
barium sulphate by adding sulphuric acid to barium chloride, although 
it may appear to be irreversible, is certainly a reversible reaction, 
because if barium sulphate is treated with hydrogen chloride a small 
quantity of barium chloride and sulphuric acid may be produced. In 
carrying out reactions in the laboratory, one is careful to obtain 'the 
greatest yield of the substance required by so defining the conditions 
that the back action is minimised. Thus, in the preparation of an 
organic ester, it is well known that the action of an acid on an alcohol 
yields an ester afod water, but that the ester may also be hydrolysed 
back to the acid and alcohol from which it was made by boiling with 
water. Here then we have a reversible reaction, but care is taken to get 
as great a yield of ester as possible in the reaction by removing the water 
from the ester as soon as it is formed. This is accomplished by adding 
to the reaction mixture some dehydrating agent, such as zinc chloride, 
or concentrated sulphuric acid. In this way the back reaction is 
prevented. e ■ 

Thus, whilst it is true that all chemical reactions may be made 
reversible by choosing the conditions correctly, so it is also true that a 
reaction may be made to proceed to completion, or very nearly so, by 
preventing the back reaction from taking place. 

196 . Hie Law of Mass Action. — The causes of chemical action , 



attracted a number of the more thoughtful chemists in 
/Eighteenth century. The question of chemicai affinity was b 

at this time, and in 1775, 
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that reactions could be reversible, and lienee that affinities could 
actually be reversed. He published a list of “affinities of elements in 
fire”, and “in water”. In 1 777, Wenzel suggested that the ra te ofa 
chemical reaction did not depend only on the affinities of the combining 
substance^^ which might 

Have been very frmtfuIT^ ignored. In 1799, Berthollet 

explained the formation of sodium carbonate in certain Egyptian lakes 
by the interaction of calcium carbonate and sodium chloride. In the 
laboratory calcium chloride and sodium carbonate give a precipitate of 
calcium carbonate, and the solution contains sodium chloride. These 
two reactions are exactly the reverse of each other, but Berthollet 
maintained that the first could go on if the quantity of the sodium 
chloride, or of the calcium carbonate (in solution), were sufficiently 
large, and these conditions were found in these lakegj/ He stated th at 
increase in mass could overcome weakness of affinity. He was, however, 

present could affect the 

ratio in which the substances combine. This was against the Law of 
Constant Proportions, which had just been propounded. Berthollet, 
however, did not believe in the truth of this law, as was "mentioned in 
Chapter I. 

Later, investigations were made of the rates of chemical reactions. 
Wilhelmy was the first t^po this in 1850. In 1862, Berthelot and St. 
Gilles investigated the equilibrium between ethyl alcohol, acetic acid, 
ethyl acetate, and water, and arrived at conclusions which were 
embodied by Guldberg and Waage in their “Law of Mass Action”, 
in 1864. 

Guldberg and Waage stated that “the rate at which a substance reacts 
ispropoHional to its active mass”. The “velocity ofa chemical reaction is' 
proportional to the products of the * active masses 9 of the reactants 

What is meant by the “active mass” of the substance? The “active 
mass” was assumed by Guldberg and Waage to be proportional to the 
molecular concentration in the case of gaseous and dissolved substances. 
The molecular concentration is the concentration expressed in gram- 
molecules per litre, and, since a gram-molecule of every substance 
contains the same number of molecules, concentrations expressed in 
this way indicate the number of molecules present. 

Take the reaction, 

A + B^c + D. 

(The symbol indicates that the reaction is reversible.) 

The velocity of the forward reaction is proportional to the molecular 
concentration of A and to that of B, and hence is proportional to their 
product. Molecular concentrations are represented by symbols in 
square brackets; thus [A1 represents the molecular concentration of A, 
The velocity of the forward reaction is tlfas 

Yf-hi A][BJ. 





LAW OF MASS ACTION 349 

Similarly, the rate of the backward reaction is given by 

Ffc = & 2 [C] [D]. ■ ; 

At equilibrium these two rates are the same, since as much of the 
products are formed as are decomposed in the same time; hence 


h [C] p] = h [A] [B], 

h [C] [D] _ K 

K [A][B] 

K is called the equilibrium constant of the reaction, and h 1 and h z are 
called velocity constants. 

197, Derivation of the Law of Mass Action on the Basis of the 
1 Kinetic Theory. — According to the kinetic theory, substances are made 

up of molecules in motion, and chemical combination does not occur 
unless two molecules collide. Combination does not take place at every 
collision. Many of them are quite ineffective. Not one collision in a 
million results in combination, in reactions which take place at a 
measurable speed. However, the number of effective collisions is a 
definite fraction of the total (§214). 

It is clear that the number of collisions, and the number of effective 
collisions, will be increased, the greater the number of molecules 
present, i.e., the greater the concentration. Thus, th e rate of the 
r eaction wi ll; be nro nortional to the mol e cular concentr ation of the 
reactant. Where reaction is taking jplace between two dissimilar 
molecular rpecieS collkidn^mi^ molecules oTth e 

different typgTand tfce pro bab ility of ^ this wiU d e pend on the concern 
t ration of both. This probability will be given by the product of the two 
concentrations. Hence, the velocity of the reactions is proportional to 
the product of the molecular concentrations of the two species, which 

is the Iaw vst *"' 7 ; 

The law may also be proved by thermodynamics (§113). 

198. Some Examples of the Application of the Law of Mass Action. 

— Consider first the rate of formation of ethyl acetate from ethyl alcohol 
and acetic acid. The equation & ^ 

CH 3 C00H + C 2 H 6 OH ^ CH 3 COOC 3 H 6 + H 3 0. 

Hence, the rate of formation of ethyl acetate and water is given by 

Y t = \ [0H 3 . COOH] [C 2 H 5 OH]. 

The reverse reaction will also go on, unless steps are taken to remove the ; 
water, or the- ester, as it is formed. The rata the reverse reacti(^;;^ : ; ; 
given by * 

F, - [CH 3 . COOC 3 H 5 ] [H 3 0] 
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At equilibrium the rates are equal ; hence 


h [CH 3 . COOH] [C 2 H 5 OH] = h z [CH 3 COOC 2 H 5 ] [H 2 0], 

. h [CH 3 COOC 2 H 5 ] [H a O] 
k 2 [CH 3 . COOH] [C 2 H 5 OH]* 

The equilibrium constant is K. 

It is usual to write in the numerator the active masses of the products, 
and in the denominator those of the reactants. The value of K for the 
above reaction is 4 at 25° C. 

In all determinations of equilibrium constants care must be taken to 
see that the equilibrium does not alter during, or as a result of, the 
analysis of the equilibrium mixture. In many cases of reaction at fairly 
high temperatures the reactions will proceed very slowly at room tem- 
perature, so that sudden cooling of the reaction mixture will stop the 
reaction, and the proportions of the substances present will be those 
obtaining at the higher temperature. This is called “freezing the 
equilibrium” It may be mentioned in passing that this^process is one 
of great importance. The reason why endothermic substances like 
ozone are stable at room temperatures is because they are in such a 
state that the equilibrium has been frozen. Ozone is formed at very 
high temperatures. The passage of the silent discharge through 
oxygen is merely the addit ion of a large amount of energy to the oxygen, 
in another way than by direct heating. If oxygen, then, is heated to 
extremely high temperatures, some ozone will be formed. If the reaction 
mixture were to be cooled to room temperatures suddenly, the equili- 
brium would be frozen, and the amount of ozone present would be the 
stoe as if the gas were kept at the high temperature. Of course, it is 
useless to bring about the cooling slowly, for this will allow time for the 
reactants to alter their equilibrium. 

The combination of hydrogen and iodine to form hydrogen iodide 
has been studied by Bodenstein. All that is necessary is to heat the 
hydrogen and iodine together, in various proportions, in sealed tubes, 
to a temperature about 450° C. After a time, sufficiently long for 
equilibrium to be attained, the tubes ar5 suddenly cooled, and the 
amogmt of hydrogen left determined* by absorbing the iodine and 
hydrogen iodide in potassium hydroxide. The amount of hydrogen 
iodide and of iodine are determined in the liquid obtained by absorption 


etu&l experiment, it was found that when 20*55 gm.-mo!s. of 
were heated to 445° C. with 31*89 gm.-mols. of iodine, the 
m mixture contained 2*05 gm.-mols. of hydrogen, and 13*40 
of iodine, and 36*98 gm.-mols. of hydrogen iodide. Tho 
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and the mass action equation is, 

[HIJ[HI] _ [HI] 2 . 

[Hg] [I*] ~~ [H 2 ] [IjJ* 

Substituting the values 

2-06 X 1340 

Hence the equilibrium constant is 49*5. 

Of course, if different initial concentrations are taken, different 
values for the quantities of substances formed will be obtained, but 
the equilibrium constant will still be the same at the same temperature. 
This can he tested by repeating the experiment with different quantities. 
The following are some of the results obtained. 


Table LIIL — The Hydbogen Iodide EQtnLiBBiUM 
(Bodenstein) 


Initial Conciliations, 
gm.-mois. ;■ 


The values of K have been calculated from 
K _ [Hlf 
CHJPJ’ 

Although K appears to vary considerably, the unavoidable experi- 
mental error is great. Any error in the concentration of hydrogen 
iodide is squared, so that the above figures may be taken as a satis- 
factory indication that the reaction follows the law. 

If only the initial concentrations of hydrogen and iodine and the 
concentration of hydrogen iodide formed are known, the equilibrium 
constant can still be calculated. The procedure, which is quite general, 
is as follows. Consider the reaction 

H 2 + I 2 ^2HL 

Let 2x gm.-mols. of hydrogen iodide be produced, and let a be the 
/ 'initial concentration of hydrogen in gm.-merfs. per litre, and b the 
iodine fa gm.-mols. per litre (at the temperature 

of the experiment this iodine win be in the vapour state). The volume 



(a -x)(b ~x) 1546 X 0*11 

In examples involving gaseous equilibria, the concentrations of the 
reactants are frequently expressed as their partial pressures. These 
are of course equivalent to the concentrations. 

199* The Effect of Pressure on Chemical EquiUbrium.~It is 
molecular concentration that enters into the mass equation. If pressure 
is applied to a system, the volume becomes smaller, and the molecular 
concentrations of the constituents are increased. If there is no volume 
change in the reaction, the equilibrium will not be altered in any way, 
fqr the concentrations of products and reactants will be affected in the 
same proportion; but, if there is a volume change in the course of the 
reaction, that reaction will be favoured which takes place with decrease 
in volume. This also follows from the principle of Le Chatelier, which 
states that i f any constraint is applied Jo a syst em in equilib riu m the 
equilibr i um is shifted in such a way as to annul, or tend to annul, the 


cotSarntT^ , 


iHe^reacblon which r^ults M^e ci^ase in r volume will therefore take 

• V’ *'"4 


pl ace, for by itself dec reasi ng the volum e t ffe syst em te nds to anhuFthe 


effe# o f the pre ssure. 


Consider the dissociation of phosphorus pentachloride. It takes place 
according to the equation 

Pd 5 ^ Pd 3 -f Cl 2 . 

Suppose there are initially a gram-molecules of phosphorus penta- 
chloride in a volume V litres. The reaction is supposed to be carried 
put in closed vessels, so^at V remains constant. If there are x gram- 
molecules of phosphorus trichloride fornfed, it follows from the equation 
that there will also be x gram-molecules of chlorine formed. The 
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of hydrogen iodide formed is not different from the total volume of the 
gases from which it was formed. Since 2x gm.-mols. of hydrogen iodide 
are produced for x gm.-mols. of hydrogen and x gm.-mols. of iodine used 
up, the final concentration of hydrogen will be {a - x) and of iodine 
(b - x) gm.-mols. 

Substituting these values in the mass equation, we have 
K . **“ 


(a - x) (b ~ x) 

If we know x, a and 5, we can then calculate K. Thus taking as a 
numerical example the first set of data given in the table above: — 
Initial concentration of hydrogen — 20*57 = a . 

Initial concentration of iodine = 5*22 = b. 

Concentration of hydrogen iodide at equilibrium = 10*22 = 2x. 

. . a - x ~ 20*57 - 511 = 1546 






molecular concentration of the pontachloride at equilibrium will there- 
fore bo (a - x)/V, whilst that of the trichloride and of chlorine will be 
(z/F). Hence, applying the mass law, 


It will be noticed that V occurs in the denominator. Hence the greater 

sg 2 

V is, the greater will be, for the constant K must be maintained. 

a - x 

This means that the amount of dissociation, x i must be greater. Hence 
the diminution of pressure (i.e. f increase in volume, F, since it is only 
by increasing the volume that the pressure can be reduced without 
removing some of the reactants from the system) in this system results 
in an increase in the dissociation, and conversely. 

Where F disappears in the mass equation, pressure, of course, has no 
effect on the equilibrium. Thus, in the dissociation of hydrogen iodide, 
there is no change in volume, and so F does not figure in the mass 
equation, and pressure alterations have no effect on the equilibrium. 

This effect of pressure on the position of equilibrium is of great 
importance in technical processes. In the Haber synthesis of ammonia, 
the reaction is, 

N 2 +3H 2 =2NH 8 . 

Pour volumes of the mixed nitrogen and hydrogen give only tWo 
volumes of ammonia. Hence the formation of ammonia will be favoured 
by the application of pressure, and in practice, in the Haber process, a 
pressure of 200 atmospheres is used, whilst in the Claude process a 
pressure of 1,000 atmospheres is employed. 

la some cases it is found uneconomical to work at high pressures, 
although better yields would result. Thus in the Contact process for the 
manufacture of sulphuric acid by making sulphur dioxide combine with 
oxygen, the reaction is 

2S0 2 + 0 2 -2S0 3 , 

and involves a decrease in volume. Hence it would be favoured by 
the application of pressure. This is not done, however, in practice, 
owing to the difficulty of making acid-proof apparatus suitable for 
working at high pressures, and also because a sufficiently good yield 
may be obtained without recourse to the application of pressure. 

A quantitative example of the effect of pressure on the equilibrium 
may be found in the Haber synthesis of ammonia. The effect of pressure* 
on the yield of ammonia will be calculated. The reaction is 

+ 3H £ ^ 2NH 3 f 

. At a given temperature, .let the partial pressures of nitrogen, hydrogen 
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the equilibrium mixture bo Ph 2 an( l Pnh 3 - Then, 


and aihmonia in 
by the Law of Mass Action, 

K. .\ = K * p ^ 2 . . • * « (1) 

Pn 2 * Ph 2 

Now double the pressure on the system. If it is assumed that the partial 
pressure of the ammonia is small compared with that of nitrogen and 
hydrogen and the small amount of extra ammonia formed does not 
affect the partial pressures of the other gases — a condition which always 
holds in technical practice — then the partial pressures of hydrogen and 
nitrogen will be doubled. 

Let the new equilibrium pressures be p' -$ 2 , p'n 2 , and ^'nh 3 * Then 
PnH 3 k _ ff'NHi 

p'n 2 p' S h 2 2 Pu 2 ‘ 8 Pb 2 

NHj = l«PNi • Pb 2 ■ K = 16/ NHj (see equation (1) above). 

^NHj — ^NMj- 

Thus, the partial pressure of ammonia is four times what it r was originally , 
although the pressure on the system has only been doubled. The amount 

^P nII 

of ammonia formed per unit volume of nitrogen is — — in the first case, 


and in the second ■ — . It will be seen that the yield is double, since 
2 >n 2 

pW* *= 4 ^NH 3 and P n 2 = 2 ^n 2 ‘ ^ a A ■ 

200. Effect on the Equilibrium ol Adding one o! the Products of the 
Reaction. — To study this question, the dissociation of phosphorus 
pentachloride may again be considered. It is desired to find what effect 
there will he on the dissociation if chlorine is added from some outside 
source to the equilibrium mixture. Writing the equation 

PC1 5 ^PC1 3 + C1 S , 

suppose we have at equilibrium a gm.-mols. of the pentachloride in V 
litres, b gm.-mols. of trichloride, and b gm.-mols. of chlorine in V litres. 
It follows from the equation that the amounts of chlorine and of tri- 
chlqpde must be equal. The mass law gives 


Suppose now that c gm.-mols. of chlorine are introduced into the 
system without change of volume . Let b' and a' be the new concentra- 
tions of the trichloride, and pentachloride, respectively. Then (V + c) 
is the hew concentration^ chlorine, and 

yp'-hej 
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In order to maintain E constant, b most be decreased (to b'), and bence 
the dissociation will be retarded, some pentachloride being re-formed. 

If, however, the chlorine is added with change of volume, it all 
depends on the volume change what the change in the system will be. 
If the volume after addition of chlorine is V', then the mass law states, 

_ W + c) 

ITT* S 

a'V' 

where a' and b f are the new concentrations of pentachloride and of 
trichloride. It would be possible to work out the effect in any example 
in which the concentrations were given. 

The effect of the addition of products of reaction on the position of 
equilibrium is well illustrated by the following experiment due to 
Gladstone. Consider the reaction 

3KG3STS + FeCl 3 # Fe(CNS) s + 3KCL 
The ferric thiocyanate is deeply coloured. Addition of potassium 
chloride in saturated solution (to avoid great changes in volume of the 
solution) makes the reaction mixture become appreciably paler. This 
Is due to the fact that, the reverse reaction is favoured, since, the value 
; , of p , e(C35 i rS) 8 ] in the numerator of the mass action equation 

[Fe(CNS) 3 ] [KOI] 3 
[FeCl 3 ] [KCNS] 3 

must become smaller to make K still constant. On the other hand, 
addition of ferric chloride causes a deepening of the colour, since the 
value of the denominator is increased, and consequently the value of the 
numerator must also be increased to maintain K constant. Similarly, 
addition of potassium thiocyanate also causes an increase in the depth 
. of colour. 

201. The Effect of Temperature on the Equilibrium.— According to 
Le Chatelier’s principle {§ 199), in the ease of a reversible reaction, 
increase in temperature will favour that reaction which takes place 
with absorption of heat. Decrease in temperature will favour the 
reaction which takes place with evolution of heat (see also § 95). 

It can be shown by thermodynamics {§ 114) that if K x and K t are 
the equilibrium constants of a reaction at absolute temperatures T t and 
T 2i and if AH is the heat of reaction expressed in gram-calories 
absorbed at constant volume, 

This equation may be made use of for determining the heat of reaction. 
An example of the use of this equation is given below. 

202. Some Numerical Examples. — In order that the reader may 
. more fully comprehend the work that has jukt been described, he is 

recommended to tiy to . solve the following numerical examples for 



60-05 


’ ‘ (1-086 - *) (0-8326 - x) 

* 2=4 (0-9038 - l-91S6a: + a; 2 ), 

3a: 2 - 7 -6744a; + 3-6152 = 0. 

The roots of this equation are 

„.*= 1-9747 or 0-5834. 

The first of these is inadmissible, as the quantities of acetic acid and 


356 CHEMICAL KINETICS AND EQUILIBRIUM 
himself. Tho solutions to the problems arc also given below eo that the 

W °(l) The. equilibrium constant in the reaction between ethyl alcohol 
and acetic acid to form ethyl acetate and water is 4 at 25 C What 
weight of ethyl acetate will be obtained from 60 gnu*, of alcohol and 
50 gins, of acetic acid, the reaction being carried out at 25 C. m a 

closed vessel? 

The + 0jEi oh ^ 0H,COOC,H s + H.O. 

According to the Law of Ma ss Action, 

[CHgCOOCaHj] [H 2 0]_ = R ( 1 ) 

[C,H 5 OH] [CH 3 COOH] 

where the substances in square brackets stand for molecular concern 

^^upposed that the total volume of the system, F, 

during the reaction. Let x be the number of gram-molecules of ethjl 

acetate formed; then * will also be the number of gram-molecules of 

Wa £ mdecular weight of acetic acid is 60-05. Hence the molecular 
concentration of acetic acid was originally If * gram-molecules 


60-05 V' 

of products are formed, then z gram-molecules of reactants must have 
been used up, so the final molecular concentrat.on of acetic acid w 

( JL. - 4/f. 

VbO-05 J „ _ . , 

The molecular weight of ethyl alcohol is 46-047. Hence, final mole- 

clan concentration ot alcohol b (2^ - «)/ V- Substituting then, 
values in equation (1), 
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alcohol taken are insufficient to produce this amount of ethyl acetate, 
even if the reaction went to completion. Hence 0*5834 gm.-moleeules of 
ethyl acetate will he produced, i.e., 0*5834 X 88*0824 = 51*39 gms. 

(2) Calculate the percentage dissociation of phosphorus penta- 
ehlorido in an experiment in which 2*0 gms. of the substance were 
heated to 200° C. in a closed litre vessel, which contained only phos- 
phorus pentachloride, and the products of the dissociation. The 
equilibrium constant for the reaction 

PC1 5 ^PC1 3 +CI 2 

is 0*00793 at 200° C. , and under the pressure developed in the experiment. 
Suppose that initially the quantity of the pentachloride present was 
a gram-molecules. This dissociates, so that x gram-molecules of both 
the trichloride and chlorine are formed, leaving (a - x) gram-molecules 
of the pentachloride undissociated. As the reaction is carried out in a 
closed vessel, the volume, v, cannot change. By the Law of Mass Action, 


Now, in the experiment, a 


gram-molecules per litre, v ■« 1 


* * (0-009603 - x) 

a; 2 = 0*00007615 - 0*00793:r, 
or ■' ^ a: 2 + 0 -00793a; - 0*00007615 = 0, ■ . , 

The roots of this equation are x = - 0*01305 or + 0*0056. 

The negative value Is clearly inadmissible. 

, A.AA^ft 

The percentage dissociation = - X 100 = - X 100 = 58*3$ 

1 & a 0*009603 

percent. . . 

(3) The equilibrium constant of the reaction 

2S0,+ 0 a ^2S0 8 

at 528° C. is 980, and at 680° C. is 10*5. Find the heat of reaction. 

The equation (§ 201) is # 

,^.= — 6 (r,-?;> 

where K % and K l are tho equilibrium constants at absolute tempera- 
tures T % and T l3 and A £7 is the heat of reaction at constant volume, 
which is the charge in internal energy. Twy 

K t * 980; K x = 10*5; T % = 801° Abs.; T x = 953° Abs. 
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„ „ 953 X 4-576 X 801 X 1-97 

-AU = "l52 ’ 

= - 45,280 gm.-cals. 

The amount of heat given out is therefore 45,280 gm.-cals. 

203. Application ol the Law o! Mass Action to Heterogeneous 
Systems.— In the foregoing paragraphs only those reactions which take 
place in one phase (i.e., homogeneous reactions) have been considered 
Many reactions, however, take place between reactants m different 
phases. These are called “heterogeneous reactions . Numerous 
reversible heterogeneous reactions are known. Indeed, one of those 
quoted at the beginning of this chapter as an example of a reversible 
reaction, viz., the action of steam on red-hot ™n is a heterogeneous 
reaction. The hydrogen and the steam are gases, whilst the other 
reactants are solids. Can the Law of Mass Action be applied to a 

reaction such as this? ,,, 

The easiest way to consider a reaction of this land is to assume that 
it does go on in one phase only. Take the action of heat on calcium 
carbonate. This is a well-known reversible reaction. If calciurn carbonate 
is heated in a closed vessel, a state of equilibrium is reached after a tun , 
when no more calcium carbonate will decompose. This equilibrium l 
prevented in a lime-kiln, because it is open and the carbon dioxide can 
escape as it is formed. 

CaC0 3 CaO + C0 2 » 

The reaction may be regarded as taking place between calcium carbonate 
and calcium oxide vapours, and carbon dioxide gas. The concentrations 
of the reacting substances will be expressed by their partial pressures. I 
these are p c aCo 3 , Pc ,o. Pco v Law of Mass Action states 

PCaO- PCOi _ j£ 

PCaCOj 

The partial pressure of calcium oxide is its vapour pressure. The 
vapour pressure of a solid is very small, but, at a given temperature, 
is constant so long as there is any solid present, so that both PcaO and 
Pcacoj are constant, and the law gives us , 

p COl — K'.- 

The* system is therefore at equilibrium at a given temperature when a 
fixed pressure of carbon dioxide is present, a result which is also 

obtained from Phase Rule considerations (§220). 

It may be taken as a general rule, when dealing with heterogeneous 
equilibria, that the active mass of a solid is constant. 

The same considerations govern the dissociation of salt hydrates. 

Consider tke reaction r* # 

CuS0 4 . 5H 2 0 ^ CuS0 4 . 3H 2 0 + 2H a O. 


3 5f 
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If p ly p 2 , p 3 , are the partial pressures of the pentahydrafce, the trihydrate, 
and water vapour respectively in the system, then 

P% * Vi _ 

But the active masses of the solids are constant at a given temperature, 
so long as they both remain in the system. 

Hence ■ P 3 2 = 

and p 3 = VI = 

This result has also been obtained from Phase Rule considerations 
{§ 220). As soon as one of the hydrates has disappeared, the conditions 
are altered, for a new equilibrium is set up, and then the partial pressure 
of the water vapour will be different from before, but will remain 
constant until: the phases again change. ; : y ■. 

The dissociation of ammonium hydxosuiphide, NH 4 HS, is a slightly 
different case. This solid substance dissociates on heating into ammonia 
and hydrogen sulphide, two gases. ' ^ 

NH 4 HS ^ NH 3 + 1I 2 S. 

If the partial pressures of the gases are Pmh Fh 2 s respectively, then 
the Law of Mass Action states 

Pnh 3 * Ph 2 s __ j g 

PNM4BS 

But Pm h 4 hs is the vapour pressure of the solid, and is constant as long 
as any solid is present. Hence 

Pnh 3 * Ph 2 s = &'* 

This equation can be tested by adding one or other of the gases to the 
system and noting the effect on the equilibrium pressures. The following 
table gives results of such an experiment:-^- 

Table LTV 


V NHj 

P h 2 s 

2’nh 3 X ^HjS 

. ■ ' mm, ' ■ : ■ ■ 

„ mm. 

mm. 2 

250-5 : 

£50-5 

62,750 

208-0 

294-0 

61,150 




453-0 

143-0 

64,780 


The volume was kept constant. The product is reasonably constant. 

304. . Theory of Activities.— In the Law of Mass Action the quantities : 
used are the active masses, which have been stated to be proportional , 
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to the molecular concentrations of the reactants. Owing to inter- 
molecular influences, the freedom of the molecules is always somewhat 
restricted in actual systems, and the active masses are not proportional 
to the molecular concentrations. It has therefore been proposed to 
substitute for the molecular concentration the “activity’ 9 of the sub- 
stance, The activity is a thermodynamic function introduced by G. N. 
lewis, and was at first purely formal. As a result of work on electrolytes 
(§ 321) it has, however, now assumed a more precise significance. 

The activity coefficient / is defined as the factor by which the mole- 
cular concentration must be multiplied in order that the Law. of Mass 
Action may be obeyed. There are several methods of determining 
activities, but further discussion of the question is beyond the scope 
of this book. The concept has found its greatest application in connec- 
tion with ionic equilibria (§ 321). 

\/205. The Order o! a Reaction.— The next few sections will be 
concerned mainly’ with reaction velocity, and not with reversible 
reactions. The velocity of reaction is defined as the rate of change of 
concentration of Ike reactants. The order of a reaction is defined as the 
minimum number of molecules necessary for the reaction to take place. 
Thus in the reaction 

Ik ”|~ nCj — aX. -f~ 6Y ~j~ c21 , 

the velocity is given by 

v = k[A] ! [B] m [C] n , 

and the order is the sum of the indices, l m n. The order of a 
eaction only has significance when it is applied to a- reaction proceeding 
one direction. It is quite possible for a reversible reaction to have 
. , vo orders, one for the forward, the other for the backward reaction. 
yS06. Ummoleeular Reactions. — Unimolecular reactions are those 
in which the reaction velocity is proportional to the first, power of the 
concentration of the reacting substance. They are not so common as 
they were at first thought to be. Many so-called "unimolecular” 
reactions were found not to be homogeneous reactions at all, but to 
take place at the walls of the vessel, or at the surface of some catalyst 
$AJ207). 

A nnimolecular reaction may be represented by the equation 

\ A-*B + C + * . i 

If there aro present originally a gram-molecules per litre of A, and, after 
a time t, x gram-molecules are transformed, then the concentration 
after time t is (a - x). Hence, by the Law of Mass Action. 

dx k(a r x), 
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which on integration gives, 

- log e (a - X) — Ai'+ C , 
where C is a constant. 

To determine C , it is noted that when t 
these values in the equation, we have 


0, x = 0. Substituting 


k is, of course, the velocity constant. 

When the velocity constant of a reaction conforms to this equation 
the reaction, is called a first order reaction. It mil be seen that the time 
taken to complete any definite fraction of the reaction is independent 
of the concentration. Thus, the time taken for the reaction to reach the 
half-way stage is found by putting x = 0*5a. When this is done, 


which does not involve the concentration. 

The number of unimolecular gaseous reactions is very small, and at 
one time the view was put forward that they did not exist at all 
However, a few have now been discovered. They are nearly all confined^ 
to molecules of rather complex structure. Until 1925. the only ummole- / 
eniar reaction known was the thermal decomposition of nitrogen/ 
pentoxide.. This decomposition is usually expressed in inorganic text-1 
books by the equation \ | 

2N 2 0 5 - 2N 2 0 4 + 0* 

but, if it is unimolecular, this cannot be the primary change, since this\ 
equation involves the participation of two molecules of tho substance. 
The mechanism of the reaction must therefore be somewhat as follows: — J 
• . NA-SA+o, 

The nitrogen trioxide then decomposes immediately into nitric oxidb 
and nitrogen dioxide: — % / 

N 2 0 3 = NO + N0 2 . 

Tho nitric oxide now immediately reacts’ with the pentoxide:-— * I 

NO + N 2 0 5 - 3N0 2 . 

The above explanation is that suggested by Hlnshelwood. There seetns 
to be no reason, however, why the reaction should not take place $£ 
follows: — : ;V; ■. ' :? : S ■/'"■;/'■' /■' :v 

N 2 0 s -N 2 0 4 + 0, ^ 

o + o =*0 2 . 
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The first of these reactions would be comparatively slow, and the second 
very rapid. It is the slow reaction that decides the speed of the com- 
plete change. 

This reaction was first studied from the kinetic point of view by 
Daniels and Johnston, by measuring the pressure after various time, 
intervals. In order to be certain that the reaction was not catalysed 
by the walls of the vessel (in which case it would be heterogeneous), 
glass wool was introduced into the reaction vessel, but no variation in, 
the velocity constant was found. Such a variation would obviously be 
expected if catalysis occurred. Reactions catalysed by the walls of the 
vessel are frequently called C£ wall-reactions”. 

The thermal decomposition of phosphine, PH 3 , was considered for 
some time to be a homogeneous unimolecular reaction, but was shown 
by Hinshelwood and Topley to be a wall-reaction. By varying the 
amount of surface, the reaction was shown to be heterogeneous up to a 
temperature of 1 ,044° Abs. at least. 

The thermolysis (thermal decomposition) of certain organic molecules 
seems to provide a number of first-order reactions. Thus the thermal 
decomposition of acetone at about 500° has been investigated by 
Hinshelwood and Hutchison (1926), who found it to be a homogeneous 
unimolecular reaction. The acetone breaks down primarily into carbon 
monoxide and two methyl groups, which then interact to give various 
hydrocarbons. The time of half-change was found to be independent 
of pressure over a wide pressure range. The reaction was investigated 
manometrieally. 

* The thermal decomposition of propionaldehyde provides a similar 
first-order reaction. It gives carbon monoxide and a mixture of 
hydrocarbons consisting mainly of ethane and methane. At higher 
pressures, the time required for the completion of any definite fraction 
of the reaction is independent of the initial pressure, i.e., of initial 
concentration. At lower pressures the velocity constant falls (see §214). 

The thermal decomposition of dimethyl ether takes place according 
to the equation 

CH 3 . 0 . CH 3 = [OfI 4 + ECHO] = CH 4 + CO + H 2 , 

Here there is intermediate formation of formaldehyde, but this can he 
allowed for in the manometrie determination of the rate of reaction. 
The reaction is first-order. A similar reaction is the action of heat 
on diethyl ether: — 

C 2 H 5 . 0 . C 2 H 5 = 00 + 2CH 4 + 0-5 C 2 H 4 , 

which has also been shown to be first-order. Here, again, the con- 
stant falls at low pressures. 

The racemisation of^pinene in the gaseous state is a reaction which 
has been studied polarimetrically by Smith, and is found to obey the 
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firafc-order law. The breakdown of azomethane, according to the 
equation 

CH 3 . N : X . CH 3 = C 2 H 6 + N 2 , 

lias also been studied, and found to be homogeneoys and first-order. 
A similar first-order change is found in the decomposition of azoiso- 
propane, which takes place as follows:— - 

C 3 H 7 . N : N . C 3 H 7 = + C 6 H 14 . 

The reaction 

C 3 H 7 . N : N . C 3 H 7 = N 2 + C 3 H 6 + C 3 H 8 

also takes place to a small extent. 

An inorganic reaction which has been studied In this connection is the 
decomposition of sulphuryl chloride 

S0 2 C1 2 « S0 2 + Cl a . 

This reaction is peculiar in being homogeneous in vessels made of Pyrex 
glass, yet heterogeneous in vessels of ordinary soda-glass. There seem 
to be two simultaneous reactions, one homogeneous and the other 
heterogeneous, going on under these conditions. 

207. Pseudo-imimolecular Reactions, — All the unimolecular reactions 
already referred to take place in the gaseous phase, and it has been 
pointed out how comparatively rare a truly homogeneous reaction of 
this kind is. A few examples of homogeneous unimolecular reactions 
taking place in the liquid phase are known, but here again, they are 
uncommon. 

Many reactions appear to give a unimolecular constant, i.e., they 
obey the equation derived above for this type of reaction, yet they are 
not truly unimolecular. Consider what happens in a reaction such as 

the hydrolysis of ethyl acetate ' ' . ■ . , T ■■■'", ■ : ■ ■ : : ■ / , . 

ch 3 cooc 2 h 5 + h 2 o ^ ch 3 cooh + C 2 H 5 OH. 

If a large excess of water is used in this reaction, the amount of it used 
up in the hydrolysis is small compared with its total mass, and con-, 
sequontly its active mass does not suffer greatly by the change, and can 
be regarded as constant. Applying the mass law, 

v = h [Cfi 3 . pOOC 2 H 6 ] [H 2 0]. 

If [H 2 0] is constant, * 

v « F[CH 3 . COOC*H 5 ]. 

Thus, the equation is of the form of that for a unimolecular reaction, 
the only difference being in the value of the vel Jcity fitftistant k. 

This is a general rule, and must be carefully borne in mind. Many 
bimolecular reactions may be made to appear 'Unimolecular by taking 
one of the reactants in great excess. # > 

Another*example of a reaction this kind is tfie rate of inversion of 
cane-sugar. This is brought about by dilute solutions of acids (or 
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alkalis), and also by enzymes, but takes place according to the equat ion, 
C 12 H 22 O u + H a 0 = C 6 H i2 0 6 + C 6 H 12 0, 

cane sugar glucose fructose 

It is clear that this change should be bimolecular, and not unimolccukr, 

but in dilute solution the active mass of the water does not alter 

■appreciably, and so the unimoleeular law is obeyed. This reaction is a 

particularly suitable one to study, because it can be followed so easily. 

The reason why the reaction is called “inversion” is because the cane- 

sugar itself is optically active (§ 183), rotating the plane of polarisation 

of light to the right (dextrorotatory), whilst the resulting mixture of 

glucose and fructose is laevo-rotatory. The reaction can therefore be 

followed by means of the polarimeter, an instrument for measuring the 

amount of rotation of the plane of polarisation of light (§ 183). The 

rotation is measured at various intervals. The experimental details for 

carrying out this experiment are given at the end of the chapter. If the 

initial rotation is r a and the rotation after a long while, fa, and r x the 

rotation after time f, then the amount of sugar remaining unchanged 

at time t is proportional to r x - r<x>. 

TT 7 1 \ r a - rx* 2*303 ' r a - rto 

Hence h * 7 log, -5 « — — log 10 ~ — - 

t r x ~~ Too t ~ Ta> 

This reaction has been tested by various investigators, and the figures 
obtained by Lewis are given below:— 

Table LV. — Inversion of Cane-sugar in 0*9 N-HC1 at 25° 0. 


Velocity Coefficient, 


Change of V, 
Rotation, r — r, 


Rotation, 


0*01118 

0*01117 

0*01118 

0*01123 

0-01125 

0*01125 

0-01129 

0-01129 


It is seen that tho velocity constant calculated on the basis of the above 
formula is reasonably constant, and so it is inferred that the reaction 
obeys the ummqle^tuar law. 

A leactionr'of the same type as the above is the mutarotation of 
glucose. When a soluti ,a of glucose is freshly prepared it is found to 
have a specific rotati a of about 105° for the sodium D line. After 
standing, however, : J.b rotation fali%.to about half this value, viz., 
52*5°. It is quite by chance that it happens to he about one-half for 
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glucose, other sugars giving quite a different ratio. This phenomenon is 
called mutarotation, and is due to a reversible isomeric change of a- 
into j 3 -glucoso. This proceeds as a unimolecular reaction. It is included 
as a pseudo-unimoleculajr reaction, as it appears to be catalysed by 
hydrogen and hydroxyl ions (§ 373), which may take some part in the 
reaction. 

Another reaction which gives a first order constant, and is easily 
studied, is the isomeric change of N-ohloroaeetanilide into p-eMoro- 

aeot anilide. 

nci . coch* nh . coch 3 


This change takes place in the presence of hydrochloric acid which 
acts as a catalyst. Actually the hydrochloric acid undergoes change 
during the reaction and is re-fonned, as the following equations show. 
OjH 5 . NCI . COCH a + HC 1 ^ C 6 H 5 . mi . COCH 3 + 01,; 

C 6 H fi . NH . COCK, + CL C1C 6 H 4 . NH . COCH 3 + HC1. 

Thus, the change will correspond with the unimolecular formula. The 
reaction is very easily followed, since the N-ehlor oacetanilide will 
liberate iodine from potassium iodide. Thus, by determining the 
amount of standard thiosulphate required by the solution, after adding 
excess of potassium iodide, the amount of unchanged substance can be 
determined. This is done at various intervals of time. Full details for 
carrying out this experiment are given at the end of the chapter. Below 
are given some results which show that the unimolecular law is obeyed 
by this reaction. (See also § 54.) 


Table LVX — Rate of Transformation of 
N-chloroacetanilide (Blanksma) 


Time, 

mins. 


(Titration, 


000543 
0-00542 
0-00545 
0-00531 
0-00531 
(f 00542 
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The catalytic decomposition of hydrogen peroxide is a reaction of 
the first order as regards results, though not so in theory. The catalyst 
may be platinum black, or haemase. This reaction is very easily studied. 
The volume of oxygen evolved at different times after the reaction has 
started may be determined by carrying out the reaction in a flask 
attached to a gas-burette. Another method is to withdraw samples of 
the liquid from time to time and determine the amount of hydrogen 
peroxide left by titration with permanganate. This experiment is 
described at the end of the chapter. 

Why do we make a distinction between homogeneous unimoleeular 
reactions and those which give the unimoleeular constant but take place 
at the surface of a catalyst? Such a reaction is, for example, the 
decomposition of nitrous oxide at the surface of gold, or platinum. 
This gives the unimoleeular constant. Hinshelwood and Green found 
that the decomposition of nitric oxide at the surface of a hot platinum 
wire was also unimoleeular. The reason for putting these reactions in a 
different class is because they are just as much pseudo-unimolecular 
reactions as those already studied. The active mass of the reacting 
substance is that in the layer adsorbed on the catalystf (§ 374), and not 
that in the gaseous phase. The concentration in the gaseous phase is 
not always proportional to the concentration in the adsorbed layer. 
Consider the thermal decomposition of nitrous oxide, which is, under 
certain conditions, a wall-reaction, i.e., takes place on the walls of the 
containing vessel, and is due to adsorption of the gas on the walls. If 
the adsorption is small, all the adsorbing places on the glass surface will 
not be covered, and the adsorption will be proportional to the pressure, 
and so also will the rate of reaction. In this instance the order of the 
reaction measured is its true order. But suppose that the pressure is 
greater, and the adsorption is therefore greater, and all the adsorbing 
places are full. Then further increase of pressure does not bring any 
more gas in contact with the catalyst, and the rate of the reaction 
ceases to be proportional to the pressure, and although the hetero- 
geneous reaction is in reality a unimoleeular reaction, it does not obey 
the unimoleeular law. Similar considerations govern reactions of 
other'orders. 

NJTO8. Bimoiecuiar Reactions, — In these reactions the concentrations, 
of two molecular species may vary, or two molecules of the same species 
may disappear as a result of the reaction. The reaction may be written 
in the general ease, as 

a + b~>c + d + e+ .... 

Assume first that the initial molecular concentrations of A and B are 
the same, and call them a. After a time t, suppose that x gram-molecules 
of both A and B hav^been transformed into G and D. Then, according 
to the Law of Mass Action, 

*? Jc(a - 
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tlx ___ 

<*■, "dl - 

Integrating this equation, 

j fc = 


% - arj*. 


at 


x 


(I) 


rw ,. lor the more general case, whore the initial concentrations of 

Z tbo—, tat "X' 1 *° “ “” d f 

tl “y. tat ! gcam-moteules be conrerted after t» 1. Applying tta 

Law of Mass Action, 

^ x : k(a - x) (b - x). 


Integrating, 


tit 


k 


:l«g 


b{a - x) 


t(n - b) '~ a ‘ a(h - x)' 

It will be noticed that as the concentrations appear in tEe ^oniinator 
n , a product, .and in the numerator only as a single term tho virtue ot 

the constant obtained mil depend upon the units m ^okeSar 
{rations are expressed. This was not so m the case of ummoleeular 

rG Ttethne for half-change is calculated in a way similar to that used 
for unimolecular reactions. In equation (1), put x — a «- 

a 

k = 1 . — = 
t a a t 

a ' 2 

:.t = 

a 

It is seen that for bimolecular reactions the time for half change is not 

m B£oSar f ridS^lreThe most common, but the number winch 
are known to proceed in a straightforward manner is still small A few 
examples of them, with their methods of mvestigation wdl be gwen 
The hydrolysis of ethyl acetate is a bimolecular reaction. It has 
already been pointed out that.this reaction may become apparently 
unimolecular when the quantity of the hydrolysing agent m very g^eat . 
If however, ethyl acetate is hydrolysed by means of caustic soda, and 
the latter is not taken in such great excess' that its active mass may be 
assumed to bo constant, it will be found that the bimolecular equation 

is satisfied. The reaction is ^ 

CH 3 COOC 2 H 5 + NaOH = CH 3 COONa + C 2 H 5 OH 
It is obvious that as the reaction proceeds.the caustic soda is pro- 
gressively used up, and, by determining the amount of it left at any 
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given stage, the rate of the reaction may he obtained. A dilute solution 
of ethyl acetate is therefore mixed with an equivalent quantity of 
sodium, hydroxide solution (in order to make use of equation (1) above 
and thus simplify the calculation). Measured volumes of the liquid 
are withdrawn at definite intervals, immediately passed into excess of 
standard acid to prevent any further reaction, and the excess of acid is 
determined by standard alkali. The concentration of sodium hydroxide 
found is also a measure of the amount of ethyl acetate used up. Experi- 
mental details are given at the end of the chapter. In all experiments on 
reaction velocity, it is necessary to maintain the reaction mixture at a 
definite temperature throughout, since the value of h is greatly altered 
by change in temperature. This is done by keeping the reacting 
mixture in a thermostat regulated for a suitable temperature. In this 
case a temperature of 25° C. is convenient, 

A table of results is given below. It shows how the bimoleeular 
constant is obtained, and that the results foil to agree with the 
unimolecular formula. 


Table IATL— Hydrolysis of Ethyl Acetate 
a = 16*00 


mins. 

X. 

Unimolecular 

k ~ 7 los ‘I=-x 

Bimoleeular 
t.I , * 

at a ~ x 

5 

5-76 

0*0893 

0*0070 


9-87 

0*0640 

0*0067 

25 

11*68 

0*0524 

0*0069 

35 'A 

12*59 

0*0442 V 

0*0066 

55 ^ 

13*69 

0*0352 

0*0067 


Tho reaction between hydrogen and iodine to form hydrogen iodide, 
and the reverse reaction, are both straightforward bimoleeular reactions 
and have been exhaustively studied by Rodenstein. In the decomposi- 
tion of hydrogen iodide, the gas was sealed in glass bulbs at 0° and at 
760 <mm. pressure, and these were then heated for a known time in a 
thermostat arranged for high temperatures, usually a vapour bath. 

Here the calculation is somewhat more complicated, because the 
reaction is reversible. The two reactions, the forward and back reactions, 
must be considered, and if x is the fraction of the hydrogen iodide decom- 
posed in time t f then 



■■■ 


where h is t he velocity constant of the forward reaction, and ¥ that of 

the back reaction. 

Lot y be the fraction decomposed at equilibrium.; then 

w Y. 




:.ta log, *L^M±» 

2(1 - y) y - ® 

Tims. I* can be calculated from a knowledge of the amount decomposed 
at time i, and the amount decomposed at equilibrium. A similar 
method can be used for the reverse reaction. 

Another bimoleenlar reaction is the decomposition of ozone, 

* 203 :== 30 2 , 

although the evidence in this case is rather conflicting. Hinshelwood 
states, however, that there seems to be no doubt that this reaction is a 
truly homogeneous bimoleenlar reaction. 

The thermal decomposition of nitrous oxide, 2N s O = 2N 2 + 0 2 , is 
himoleeular in the homogeneous state, and unimoleeular in the hetero- 
geneous state. It has been investigated by Hinshelwood and Burk. 
They measured the rate of the reaction by observing the increase of 
pressure during the change. Silica vessels were employed, and the 
reaction was proved to be homogeneous by showing that addition of 
silica powder made no difference to the rate, 

209. Termoleeular Reactions and Reactions of a Higher Order. — 
In this case the concentrations of three molecular species vary during 
the change, or three molecules of the same species enter into reaction. 
Termoleeular reactions are rather rare. This is easily understood when 
the reaction mechanism is considered in terns of the kinetic theory. 
According to this theory, collision is necessary for reaction to take place. 
For a bimoleenlar reaction, twt> molecules have to collide, and this, is 
quit© a likely thing; hence the greater number of bimoleenlar reactions. 
In a termoleeular reaction, however, three different molecules have to 
come together at one and the same time, and the chance of their doing 
this is rather small. It must depend upon the length of time two of the 
molecules will remain in contact. It is obvious that very few reactions 
of a higher order still can be expected, though a few are known. 

' In deriving the expression for the velocity constant of a termoleeular 
reaction, suppose that the th»eo reactants have the same initial eon- 

• : 
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eentration a , and that after time t an amount x of them has 
transformed. Then by the Law of Mass Action 

* m, 


been 


‘ * (a ~ xf 


1 

2 


1 


1 


(a - x) 2 a 
The time for half change is given by putting x — ^ . 



When the initial concentrations are different the calculation is rather 
more complicated, and will not be given here. 

Tho reduction of ferric chloride by stannous chloride is stated by 
Noyes to be a termolecular reaction. It can be written 
2FeCl 3 + SnCl 2 = 2FeCl 2 + SnCl t . 

^ action w as followed by mixing equivalent solutions of stannous 
chloride and ferric chloride in a flask kept in a thermostat, and with- 
drawing quantities from time to time, the time being noted. These were 
run into mercuric chloride to destroy excess of stannous chloride, and 
then the ferrous iron was determined with dichromate. Secondary 
reactions take place easily, and the constancy of the velocity constant 
is not very satisfactory, as the following table of results shows. 

Table LVIIL— Reduction of Fekric Chloride by Stannous 
Chloride (Noyes) 


t mins. 

X • 

*,,I f 1 


1 

0-01434 

87 

3 

0-02664 

87 

7 , ; 

0-03612 

84 


0-04102 

87 

40 

0-05058 

85 


a = 0-0625' 
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Another tennolecular reaction investigated by Noyes and Cottle was 
the action of sodium formate on silver acetate, 

2CH a . COOAg + HCOONa = 2Ag + CO„ + CH 3 COOH + 
CH 3 COONa. 

210. Summary o! Equations for Reactions of Various Orders, — 

(1) Uni molecular. 


Time for half change, 


, 1 . a 

k — - log* 

t a ~~ 


, log, 2 


(2) Bimdccufar. — (a) Initial concentrations of all reactants the same, 

lx 


Time for halfchange, 


(b) Initial concentrations of reactants different, 

x) 


k = - 


1 . b(a 

7/ rr log® - 7 =- 

t(a - b ) a(b 


x) 


(3) Tennolecular , — Initial concentrations of reactants the same, 


Time for half change, 


211. Complications occurring in the Determination of the Order of 
a Reaction. — The number of reactions which proceed strictly according 
to the equations derived above is very small. The disturbing factors are 
chiefly: (1) the occurrence of a back reaction, (2) the occurrence of 
consecutive reactions, and £3) side reactions. The effect of the bach 
reaction has already been considered in the thermal decomposition of 
hydrogen iodide, and will not again be discussed (§ 208). 

Consecutive Reactions v — In some cases one reaction follows another. 
The equation then does not give much help in deciding the order of the 
reaction* The speed of such a reaction, which is made up of two or more 
parts, is that of the slowest reaction. Where a reaction is made up of 
two reactions, one of which is fast and the other slow, the kinetic 
treatment may not indicate the fast reaction s^all. These consecutive 
reactions* usually occur in solution, and there is often a great deal of 
uncertainty as to the mechanism of them. 

■ f: n * 
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As an example of a series of consecutive reactions, Lapworth’s investi- 
gation of the bromination of acetone in the presence of hydrogen ions 
may be quoted. The chemical equation representing the complete 
change is 

CH 3 COCH 3 + H+ + Br 2 ^ CH 3 COOH 2 Br + 2H+ + Br~ 

Tho velocity of this reaction is proportional to tho concentration of 
acetone and of hydrogen ions, but is unaffected by the concentration 
of bromine. This can be explained as follows: the acetone, in the 
presence of hydrogen ions, is transformed into an enoi form: — 

CH 3 CO.CH 3 [+H+]^CH 3 .C(OH):CH 2 . . (I) 

This is a slow reaction. 

The end form rapidly adds on bromine, 

CH 3 . C(OH) : CH 2 + Br 2 = CH 2 Br . C(OH)Br . CH 3 . (2) 

and the compound produced immediately loses hydro bromic acid, 

CH 2 Br . C(OH) . Br . CH 3 = CH 3 COCH 2 Br + HBr . (3) 

Reactions (2) and (3) are instantaneous, whereas reaction (1) is slow, 
Tho speed of the total change will be dependent largely upon the speed 
of the slowest link in the chain. Hence reaction (I) is the change, the 
speed of which governs that of the complete reaction. This explains 
why the concentration of the bromine does not affect the rate of the 
reaction. 

w Another example, studied by Noyes and Scott, is the reaction between 
hydrogen peroxide and hydriodxc acid. Iodine is liberated according 
to the equation * 

H 2 0 2 + 2HI = I 2 + 2H 2 0. 

This reaction proved to be bimoleeular, although the equation indicated 
that it should be termolecular. This was explained by supposing that 
the mechanism was 


H 2 0 2 +I"*==H 2 0 + I0- 
10“ + 1““ + 2H+ = H 2 0 + I 2 


• • (1 ! 
(2) 

The first reaction proceeds with measurable slowness, but the second is 
instantaneous. The first equation, therefore, decides the kinetics of the 
reaction. It may be mentioned that, as the second reaction is one of the 
fourth order, it, too, probably consists of a series of consecutive 
reactions. 

Bide Reactions . — When substances react, a number of independent 
reactions may take place, giving rise to different end products. Usually 
one of these reactions predominates, and is called the “main reaction"’, 
the others being called ^he “side reactions”. It is usually possible by 
altering the conditions of experiment Co make one or other of the side 
reactions assume the role of main reaction. In applying the Mass Law 
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to examples of tills kind, it is necessary to take each reaction individually 
as if it occurred separately from the others, and connect the set up at the 
end, though this is, of necessity, a somewhat complicated process. 

^212. Methods of determining the Order of a Reaction.— The first 
method is to carry out the reaction and analyse the products from time 
to time, and then substitute the values in the various order equations 
(| 210), and see which one fits the experimental data the best. This is 
the method most frequently used. 

The second method is to determine the time required for a given 
fraction of the reaction to be completed, say, one-half of it. It will be 
seen from the equations given in §210 that the time for half change for 
reactions of different orders is inversely proportional to the concen- 
tration raised to the power of the order minus one. Thus, the time for 
half change is independent of concentration for a unimolecular reaction, 
whilst it is inversely proportional to the concentration for a bimolecular 
reaction, and inversely proportional to the square of the concentration 
for a termolecular reaction. Thus, if the times at which the reaction is 
half completed, t t and t 2> are determined for respective initial concentra- 
tions ofc x and c Zi the equation connecting these times is 


where n is the order. 

As an example of this, the figures for the thermal decomposition of 
phosphine are given below (Ilinshelwood). 


Table LIX. — Thermal Decomposition or Phosphine. 


Since the times are constant for various initial pressures, the reaction 
must be unimoleeular. It is actually a heterogeneous reaction. 

The third method is known as Osiwald’s Isolation Method. In this, 
each reactant is taken in large concentration in turn, and the order of 
the reaction determined by the first method. The active mass of the 
substance taken in great excess may be taken ^constant. The sum of 
the orders* when each reactant is separately taken in excess, is the order 
of the reaction. The method may be illustrated by the reaction between 
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sodium formate and silver acetate, to which reference has already been 
made (§ 209). 

2CH 3 COOAg + HCOONa = 2Ag + 00 2 + 0H 3 C00H + 
CH 3 C00Na 

When the silver acetate is taken in large excess, its active mass remains 
constant, and the reaction is found to be unimolecular with respect to 
the sodium formate. When the latter is taken in excess it is found to be 
bimolecular with respect to the silver acetate. Hence the reaction is 
termolecular. 

213. The Temperature Coefficients of Chemical Reactions.— The 
velocity of most chemical reactions varies greatly with temperature. 
The ratio of the velocity constants at two temperatures Separated by 
10° C., usually 25° C. and 35° C., is called the ‘Temperature coefficient” 
of the reaction. It is, as a rule, numerically between two and three. 
The value of the temperature coefficient is of great importance in 
deciding the mechanism of chemical reactions. 

214. The Mechanism of Chemical Change.— Reactions take place 
between molecules, and, in order that there may be interaction between 
one molecule and another, there must be collision between them. It is 
highly unlikely that action could take place at a distance. 

What happens when this collision takes place? Consider the two types 
of molecules — those hi which there is an electro valent linkage, and those 
in which there is a covalent linkage. It has been pointed out, in the 
chapter on valency (§ 76), that the bond between sodium and chlorine 
in sodium chloride is an electrovalent linkage. As soon as common salt 
is dissolved in water it ionises, and the bond is broken. It is otherwise 
with covalent molecules. These retain their individuality in solution. 
When silver nitrate and sodium chloride are brought together, silver 
chloride is precipitated according to the equation 

NaCI + AgN0 3 = AgCl + NaNO s . 

The reactions NaCl = Ha* + CD, and AgN0 3 = Ag+ + N0 3 "~ have 
occurred before the solutions are mixed, and the reaction is Ag + ~}~ 
Cl~ = AgCl. The rate of this change is*thefefore determined by the 
rate at which the chlorine and silver ions can reach, and attach them- 
selves to, the silver chloride lattice. Consequently, the reaction is 
almost instantaneous. 

Covalent compounds do not dissociate in solution, and the breaking 
away of parts of such molecules involves the performance of work 
against linkages; and so reactions between covalent compounds are 
usually much slower than those between electrovalent compounds. 

The simplest theory*ef the mechanism of chemical reactions would be 
that when molecules collide combination occurs, and that every collision 
is effective in producing combination. That this is not true is readily 
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down, r Hence, the rate of activation and the rate of transformation are 
quite different. 

The number of activated molecules is proportional' to er EmT % but. 
'only a small number of these decompose; most of them are deprived ot 
their energy by other collisions. Hence, the chemical reaction does not 
disturb the number of active molecules very much. The factor e~ E l RT is 
independent of pressure, and the number of reacting molecules is a 
definite small fraction of this, so this too will be independent of pressure. 

' Hence, the conditions required for a unimoleeular reaction are satisfied. 

Let us now consider what will happen, on this theory, at low pressures. 
It is clear that this theory does not get over Perrin’s objection as to non- 
activation at infinite dilution. But, consider what will happen at 
moderately low pressures. Here the time between the collisions will be 
much greater; sufficient, in fact, to allow many more of the activated 
molecules to go through their positions of minimum stability and break 
down before they collide with other molecules. Hence, as the pressure 
is reduced, th£re must be a point when the unimoleeular constant begins 
to alter. Nearly all unimoleeular reactions studied show this. 

Another method of explaining unimoleeular reactions, involving 
activation by collision, is that of Christiansen and Kramers. They state 
that the products of the reaction, which possess both the chemical heat 
of reaction and the heat of activation originally associated with the 
molecule before decomposition, immediately activate fresh undecom- 
posed molecules by collision. Thus, every activated molecule which is 
decomposed passes on energy and ensures the production of new activated 
molecules. Hence, LindemamTs conclusion is reached, that the number 
of activated molecules is not reduced by the occurrence of the reaction, 
though the Christiansen-Kramers explanation appears the more 
: satisfactory. . TT ■: Site 

When the products of reaction begin to accumulate in the system, 
however, there will be more inert molecules with which the activated 
products can collide, which will merely mean a loss of activating energy. 
Active molecules will thus be deactivated if they collide ^with inactive 
molecules of product, or with Some added molecules with which reaction 
does not take place, e.g., some foreign gas, like hydrogen, helium or 
nitrogen. The theory could be tested by adding some foreign gas to the 
reaction mixture and seeing if the velocity of the reaotion decreased. 
This has been done for nearly all the unimoleeular reactions studied, 
with no effect. This favours LindemamTs theory as opposed to 
Christiansen-Kramers*. 

To overcome this difficulty, the latter made the assumption that the 
active products could only activate molecules of the reactant, and not 
of any inert gas, or the inactive products. Theoretically this is not such 
an unreasonable assumption asjt appears. Nevertheless, most of the 
evidence is in favour of the Lindemann theory. 
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The way in which energy is taken up by molecules in activation has 
not been dealt with, but it may be stated that this process must always 
be governed by the quantum theory. Most available evidence shows 
that the vibrational motion of the molecule is of the most importance 
in chemical action. The quantum theory of chemical reaction regards 
the energy of activation as an energy “hump” which must be exceeded 
by the reacting molecules. The theory has been used to predict success- 
fully the absolute value of the velocity of chemical changes in simple 
cases, and gives a more accurate picture than the classical theories. 

215. Chain Reactions. — When a mixture of hydrogen and chlorine 
is exposed to light a chlorine molecule dissociates to two chlorine atoms 1 
and each of these reacts with hydrogen molecules to give the series of 
reactions. 

Cl + H 2 = HCI + H 
H + Ci 2 - HCI + Cl. 

One chlorine atom has, therefore, produced two molecules of hydrogen 
chloride and another chlorine atom. Tliis latter chlorine isliow available 
to repeat the process. Thus a few chlorine atoms in a mixture of 
hydrogen and chlorine can set up a series of reactions with the above 
stages repeating until all the hydrogen and chlorine is used up. This 
process is known as a chain reaction. In tliis example the chain is 
being propagated by hydrogen and chlorine atoms; these are called 
the chain carriers. The removal of hydrogen and chlorine atoms by 
reactions such as 


H + Cl = HCI 

all break the chain. However, all these reactions involve what are 
called three body collision and will only take place either on the walls 
of the reaction vessel or in the gas phase in the presence of a third 
molecule. Such three body collisions are not common. The function 
of the third body is to remove the excess energy evolved in the reaction. 
Small amounts of impurities will also break these chains by combining 
with the chain carriers, in this case chlorine atoms. 

Though chains are propagated by atoms as in the above example, 
free radicals can also act as chain ^propagators. Free radicals are 
racfieals such as methyl, CH 3 and ethyl, C 2 H 5 . They are produced by 
the breaking of a covalent bond, each fragment taking one electron 
from the bond. As a result the radicals possess an unsaturated valency 
and are very reactive. 

For example, the thermal decomposition of acetaldehyde is supposed 
to involve a chain reaction carried by free radicals. The stages involved 
in the decomposition are firstly 

oh 3 oho c ~ ch 3 + cup . . ... (i) 

1 See § 377 and following sections for farther discussion. 
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CHAIN REACTIONS 


These radicals then give; 

CHO-CO + H ..... (2) 

H + CH 3 CHO = H 2 + GH a CO .... (3) 

The radicals OH/JO (stage three) and CH 3 (stage one) act as the chain 
carriers. Thus: 

CH s CO -C0 + CH 3 
CH 3 + GH 3 QHO - ch 4 + ch 3 co. 

In other words the chain is being carried by the radicals CH 3 , OHO, H 

and C.H/J0. 

The chain is broken by reactions such as 
20K 3 = C 2 H 6 , 

CH/JO + CH 3 : 


and 


2CH 3 00 


0H 3 C0CH 3 , 

ch 3 cococh 3 . 


In this reaction a stationary state is reached; that is a state in which 
the rate of formation of chain propagating radicals is equal to the rate 
of their removal. 

When each reacting molecule is replaced by more than one chain 
carrier a number of so-called brandling chains are set up and there is no 
stationary state in the reaction. Such a chain is called non-stationary 
and the velocity of the react ion will increase to explosive violence. The 
derivation of equations to account for the kinetics of reactions in which 
a chain mechanism is operating is complicated and will not be discussed 
here. 

The occurrence of free radicals is not confined to chain reactions. 
Free radicals such as methyl and ethyl have been prepared by heating 
the appropriate lead tetra-alkyi to 700° C. in a current of nitrogen at 
low pressure. The life-time of such radicals is very short and their 
presence is detected by passing them over a lead mirror. This will 
disappear as the radicals combine with it to reform the lead tetra-alkyi. 
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to apply, the Phase Hub, the meaning of the terms involved must bo 
perfectly understood* 

Phase . — A phase may bo defined as any part of a system which is 
homogeneous throughout, and is separated by a b oundi ng surface from 
other homogeneous parts of the system. 

Consider ice, water, and water vapour. These are three phases of the 
same substance, water, and all three can exist together, as will be shown 
later. It is usual, however, for only two to exist side by side. Thus, if a 
beaker of water were to be placed in a vessel which could be evacuated, 
the number of phases present after evacuation (and before, for that 
matter, see below) is two — water, and water vapour. Consider a saturated 
solution of common salt, with excess of solid salt remaining over, under 
similar circumstances. Here the number of phases is three — the solid 
salt, the salt solution, and the water vapour. Each phase must, of 
course, be in one of the states, solid, liquid or gas. In the gaseous state 
there can only be one phase, no matter how many different molecular 
species make it up, since gases are always completely miscible. A gas 
mixture is always homogeneous, and thus falls within the definition of a 
phase. Thus, Vhen we have a beaker of water exposed to the air, there 
are still only two phases present — a liquid phase, the water, and a 
gaseous phase, water vapour and air. 

Liquids may, or may not, form a single phase. It depends on their 
miscibility. If a liquid is immiscible with another there will be two 
phases. If it is partly miscible there may be one phase, or there may 
be two, depending upon the concentration. 

Solids are invariably regarded as separate phases, except in the 
instance of a solid solution. Otherwise, even though the mixture be 
made very intimate, the number of separate molecular species present 
gives the number of phases. Thus, many forms of sulphur can exist 
together; these are all separate phases. 

It must be carefully borne in mind that the Phase Rule itself has 
nothing whatever to do with the amounts of the different phases 
present (apart from the fact that there must be sufficient of the phases 
to give equilibrium), but merely their number. 

Components . — The number of components in a system is the smallest 
number of independently variable constituents by means of which the 
composition of each phase participating in the state of equilibriurh can 
be expressed in the form of a chemical equation . 1 

It is rather more difficult to grasp .the meaning of the term “com- 
ponent” than it is that of “phase”, but some examples will make the 
matter clearer. 

Consider an equilibrium system containing sodium sulphate and 
water. Such a system could include various phases — water, vapour, 
ice, vaSious hydrates of sodium sulphate; but the composition of each 

i Findlay “The Phase Buie and its Applications” (Longmans), p. 8. 
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phase can be expressed by chemical equations which involve only 
anhydrous sodium sulphate and water. Consider three of the possible 
phases — Na 2 S0 4 . 10H 2 O, Ha 2 S0 4 , and solution. Then 
Na a S0 4 - 10H a O « lHa 2 S0 4 + 10H a O, 

Na 2 S0 4 “ = lNa 2 S0 4 + 0H 2 O, 

Solution = »Na 2 S0 4 -j~ yH a O. 

The smallest number of independently variable constituents by which 
the composition of the phases present at equilibrium can be expressed is 
two — Na 2 SG 4 and H a O. This is referred to as a two-component system. 

In the dissociation of calcium carbonate by heat, there are three 
different molecular species, but the composition of each phase can be 
expressed in terms of any two of the molecular species. Thus, the possible 
phases present at equilibrium are calcium carbonate, CaC0 3 , calcium 
oxide, CaO, and carbon dioxide, C0 2 . If any two of the constituents 
are chosen, the composition of all the phases is determined. Take, for 
example, CaO and CO s for the two constituents; then, ? 

Phase. 

CaO = CaO + 0 C0 2 , 

C0 2 = 0 CaO + C0 2 , 

CaC0 3 = CaO + CO a . 

If, now, CaC0 3 and C0 3 are chosen for the two constituents, 

Phase. | 

* CaO == CaC0 3 - C0 2 , 

C0 2 = 0 0aC0 3 -f C0 2 , 

CaC0 3 = CaCOg + 0 C0 2 . 

In both examples, the Smallest number of constituents which fix the 
composition of the phases present at equilibrium is two, and this again 
is a two-component system. 

In the system — sulphur and its allotropes, liquid sulphur, and 
sulphur vapour — the compositions of all the phases can be expressed in 
terms of one constituent, sulphur, and this is therefore a system of 
one component* 

Degree of Freedom . — The number of degrees of freedom of a system 
is the number of factors, temperature, pressure, and concentration of 
the components, which may be varied Without altering the number of 
phases present. 

Pressure, temperature, and concentration are the only variables 
concerned in the definition of * 'degree of freedom” (for all ordinary 
purposes). Any particular phase may be able to exist under different 
conditions of these variables, but other variables will not enter into the 
question. Thus, the electrical condition of the system might be altered, 
but such a variable is not jegarded as a “degree of freedom” from the 
Phase Rule point of view, because it has iro specific action on the'eourse 
of chemical change. It is usual, in Phase Rule deductions, to regard 
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capillary forces as negligible. Otherwise, an extra degree of freedom, the 
surface tension (or interfacial tension), would have to be introduced, for 
it is known that variation in this may influence the course of a chemical 
change, owing to difference in concentration of the substance in the 
surface layers (§ 360). 

Suppose there is a gaseous phase only. It is known that the product 
of the pressure of the gas and its volume is constant, if the temperature 
is constant. If, then, the temperature and the pressure are fixed, the 
volume of the gas is fixed, and the system is completely defined. In 
other words, if the temperature and pressure of a gas are given, the 
volume (and hence the concentration, since volumes fixes it) must follow. 
Thus, it is necessary to fix only two of these variable factors in ‘order 
completely to define the state of the system, or two may be varied 
without altering the number of phases present* The system therefore 
has two degrees of freedom. 

Consider now a system made up of water in contact with its vapour. 
The vapour pressure will depend on temperature, but is not affected by 
the amount of water present. Hence, on fixing the temperature, the 
vapour pressure is fixed, and conversely. This, then, is a system with 
one degree of freedom. 

218. Application of the Phase Rule to Systems of One Component- 
Having defined the terms involved in the statement of the Phase Rule, 
we can now proceed to study a few systems by its aid. 

The Water Vapour— Water— Ice Equilibrium.— hi this system there 
is only one component, but the number of phases may be varied. If 
three phases — ice, water, and vapour — exist together, we have P = 3, 
(7 = 1, and the Phase Rule, 

P'+P = 0 + 2, 

gives the result F = 0. 

The system, therefore, has no degree of freedom, and is called a 
“non-variant” (or “invariant”) system. What does it mean for a 
system to have no degree of freedom? Turning to the definition of 
degrees of freedom, it is seen that it means that none of the variables, 
pressure, temperature, or concentration, can be varied without one of 
the nhases disaoneariim from the system. Thus, the three phases can 
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tested by experiment. The equilibrium between water and its vapour 
may be represented by its vapour pressure curve, which tells the 
pressure of vapour in equilibrium with water at any given temperature. 
This curve is the curve OA in the diagram (Fig, 120). The equilibrium 
between ice and vapour is similarly the vapour pressure curve of ice, 
and is represented by OE. The equilibrium between water and ice is 
expressed by the effect of pressure on the freezing point of water. 
Obviously the curve showing the relationship between freezing point 
and pressure represents the equilibrium between solid and liquid water. 
This is OC. It is found by experiment that these curves meet in a 
point 0. This is called the triple point, and is obviously the point where 


Liquid 


Solid 


OQ ( 4 mm. + 0 0G75 a C) 

Vapour 


Non-variant — Ice, water, 
vapour— 0 
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- vapour 
—OB 
Ice — water 
— OC 
Water. AOC 
Vapour AOB 
Ice COB 


Temperature 


Fig. 120. — The p4 Diagram for Water 
(not drawn to scale). 


ice, water and vapour can co-exist. Note that it is a point, showing that 
there is only one set of conditions under which it is possible for the three 
phases to exist together, as predicted by the Phase Rule. 

The lines in this diagram represent the equilibrium conditions 
between two phases, and express the^fact that one variable can be 
altered without losing a phase. Returning to the triple point, it is seen 
that once 'the conditions are moved away from that point, one phase 
disappears. Which one it is depends upon the direction in which we 
move away from the point. Anywhere along any of the lines, however, 
two phases are in equilibrium. In any of the areas bounded by the lines, 
one phase only is present. Thus in the area AOC liquid water only is the 
stable phase. In AOB water vapour only is the stable phase. If it were 
possible to have water aif*a temperature and pressure represented by the 
point D, it would be metastable* and once set off it would all turn into 
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vapour. It k thus seen that in a diagram of this Mud a point represents 
the existence of an invariant system, a line a univariant system and an 
area a Invariant system. Thus, provided we keep in the area AOB, we 
can have vapour at any temperature and pressure. Ry altering one 
of the variables we do not alter the number of phases. It is possible to 
supercool water, and thus to continue its vapour pressure curve to A', 
but the dotted line represents a metastabic state. 

The curve OA ends abruptly at a point, corresponding to the critical 
temperature (374° 0.) and pressure (218-5 atm.) of water (§ 161), beyond 
which there can be no distinction of the gaseous and liquid phases. 
The curve OR will end at 0° Aha., and zero pressure, whilst no limit can 
be fixed to 00. 



Fid. 121, — p4 Diagram for Water in the neighbourhood of the Triple Point. 

The slope of the curve 00 shows that ice melts with decrease of 
volume. This follows from the theorem of Le Chatelier (§ 199). Accord- 
ing to this theorem, if the temperature is kept constant, and tjie 
pressure is increased, that change will take place which is accompanied 
by decrease in volume. The vertical line XY Z (Fig, 120) represents 
change of pressure at constant temperature. If the pressure is increased 
when the system is at the point Y, the temperature being kept constant, 
the new conditions are represented by Z, i.e. y liquid has been formed. 
Hence, the melting of ice is accompanied by decrease in volume. Had 
the curve 00 sloped the other way, Le Chatelie^’s theorem would have 
indicated m increase in volume on melting. 
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The diagram for water shown in Fig. 120 is not drawn to scale. 
Actually, the pressure differences for temperatures m the neighbour- 
hood of the triple point 0 are minute. An accurate diagram for this 
part of the system is shown in Fig. 121, when the exaggeration m the 
scale of Fig. 120, just referred to, will he apparent. Also, the diagram 
(Fig. 120) has been very much simplified, no account being taken ot the 
various forms of ice (no less than six), which exist at high pressures 

219 The Sulphur System. — The vapour pressure curves ox the 
allotropes of sulphur have already been considered in connection with 
the study of allotropy (§ 146). The system may now be studied a little 
more fully. There are two solid phases which may exist permanently at 
equilibrium under the right conditions, the rhombic and the monoelmie 
forms of the element; also a liquid phase and a vapour phase. There are 
other solid phases capable of existence, but they are metastablc and 
are omitted from the present discussion. Liquid sulphur is probably 
colloidal in nature above about 160° G. (§ 150), and may therefore itself 
consist of two phases. This complication is also neglected m what 
follows Consider now the four phases— rhombic, monoelmie, liquid 
sulphur, and sulphur vapour. Can all four exist in equilibrium? In this 
ease there would be four phases, one component, and substituting in 



Temperature 

Fig. 122. — p4 Diagram for the Sulphur System 
> ■ (not drawn to scale). 


At the point 0 there are three phases In equilibrium — rhombic, 
monoelinic and vapour, and IF on© of the variables is altered one of the 
phases disappears. Similarly, A Is also a triple point between mono- 
dinie, vapour, and liquid. The same remarks apply as to variation of 
one of the degrees of freedom. It is possible to supercool liquid sulphur 
down to the point B', and it is also possible to heat rhombic sulphur 
above the transition point along OB'. This is because the change from 
the one form to the other is comparatively slow. The line B'C represents 
the equilibrium between rhombic and liquid sulphur. The point B' is 
thus another triple point, but it is a metastable one, and is not frequently 
attained.* The lines in the curvS represent the equilibria between two 
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phases; the areas represent the existence of single substances, which can 
remain by themselves under any temperature and pressure enclosed 
by the area. Since the curves AC and 00 meet at 0, for which the 
conditions are 151° and 1,288 atmospheres, it follows that if liquid 
sulphur were cooled at a pressure higher than 1,288 atmospheres, 
rhombic sulphur would crystallise at once, no monoclinic being formed. 

As with the water diagram, the scale of this curve is much exaggerated, 
and shows the area in the neighbourhood of the points 0, A, etc., much 
enlarged compared with the rest of the diagram. An accurate diagram 
of the curves in the neighbourhood of 100° C. is given in Fig. 123. It 
should be pointed out that although the line OR has teen drawn in 
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Fia. 123. — p-t Diagram, for Sulphur in the neighbourhoood of the Triple Points. 


Fig. 122 as though it had been followed experimentally throughout its 
entire lengthf the vapour pressure of rhombic sulphur is so low that the 
curve has not been followed below a temperature of 85° 0., as indicated 
in Fig. 123. The reason for drawing the curve OB in Fig. 122 is to show 
the. general shape of it. It would follow this course if the vapour 
pressure could be measured. 

220. Systems of Two Components —As an example of a system of 
two components, we may take a metallic alloy, say an alloy of zinc and 
cadmium. Pressure will not have very much effect on this equilibrium, 
so the two variable temperature and composition only need be con- 
sidered. Pressure affects equilibria the more considerably, the greater 
the volume changes involved. The effect of pressure will therefore be 
greatest in gaseous systems, and least in solid systems. If the number 
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of components in a system is two it is possible to to four phases in 
equilibrium, but the system would be invariant. Thus 

F — 0:4“ %. S 
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Similar remarks apply when an alloy rich m cadmium is taken, la 

the separation of crystals of one of the metals and complete soliditoor 

0 £ ariST S p»ki»g, tho ourv, give., in Fig. 1 M » not j 9^6 
A simplification of the problem has been effected m the i ab 
moot which h»is to . digit in»«ou»cr. Tte 

BCE representing the conditions under which zinc and to™ 
mScSr-pa-te from the liquid alloy, are twphase, — t 
areas (since we are dealing with a eondei osed system : andP yM 
C -f IV Univariant means hqfe that if any tfie of the i; -j 

temperature, composition of solid phase, and composition of the liquid 
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Big. 124.— Freezing Point Diagram for Zn-Cd Alloys (simplified). 

feet Tr itmg ’ ° f C0UrS °' pure motal - ^ actual 

? iS iS ^qnaibrium between a salt and 
case, dealt Sff S52 ££* t J ^ *** “* 

different At mS!!* 8 PorD J ^ S °^ s °lution, the matter is quite 

.=i«u«, n ;» d CL y . SSrS' ^ “ d s< “ 


the phase rule 

Sried ^StW th ° ° ther tW °r are uni<luely fised ’ and cannot be 
vanecl without the disappearance of one of the phases. 

J^iXT ( 7* 124)> ° n th6 ° th8r hantl ’ ^ates that one and the 
with ril? (mZ ■’ pUr ° Zmc or P uro cadmium) can be in equilibrium 
with a continuous range of liquid compositions (all along AC or BO? 

iaeSufit th C ° mP0Siti f ° f the 80M pllase doesnoi ’ according to tS 
in tie nr • ^ C0m P 0Sltl0n ot the co-existing liquid phase. As shown 
The P sf parilgraph ’ tWs is a t variance with the Phase Rule, 
the Sui let Jy accurate diagram is shown in Fig. 126 Here the dotted 

the limdd at nted the COmposition oftJlG *oM phase in equilibrium with 
the liquid at any gmm temperature. These lines deviate a little from 
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in Fig. 125 . AXB is the curve indicating the equilibrium between 
liquid and the mixed crystals -f liquid. It is the melting point curve. 
AYE represents the equilibrium between mixed crystals 4- liquid and 
solid, and is the freezing point curve. For a 
further discussion of this system, see § 264. 

There is one more possibility. One or 
more chemical compounds may be produced. 

Thus, consider the case in which the two 
components of the system give rise' to a 
chemical compound of definite composition. 

This substance will act just as if it wore a 
foreign substance, and the freezing point 


'"’’'Mixed 

■'"'Crystals + 
.Liquid-^' 


curve will show two eutectics. An example Composition 

is the alloy of magnesium and tin; these Fro. 125. — Equilibrium 
metals form a compound Mg J3n. The Phase Cu ™f fixture giving 
Rule diagram is given m Fig. 127 

The eutectit B is that at which the three phases Mg, Mg 2 Sn, and 
liquid, are present. The eutectic A is that at which Mg a Sn, Sn and liquid 
are present. Along BE pure magnesium will separate out, for it is the 
equilibrium curve between Mg and the liquid alloy. Along AD, and also 
DR, the pure compound will be deposited, and along 0x4 pure tin. 

The point D is at the maximum of the curve ADB, and represents the 
composition of the pure compound. This follows from the fact that the 


e , 4 g Uflipwcion waits ’ Q%m 

Fig. 128.— Phase Rule Diagram Fro, 127. — Phase Rule Diagram for 

for Zn-Cd Alloys. Mg-Sn Allays. 

addition of a second substance to a pure compound lowers the molting 
point of the latter. The addition of either magnesium or tin to the 
compound Mg 2 Sn will result in the lowering of its melting point. Hence, 
the maximum of the curve must represent the composition of the pur© 
compound. 
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. ox Ktence of a hump In the freezing point composition curve 
indicates the existence of a compound. The number of humps gives the 
number of compounds that can be found. The curves representing the 
equilibrium between salt hydrates and water (solubility curves) 
frequently show this behaviour. In the case of the ferric chloride-water 
^ n0 l0SS tian f0Ur iumpS in tho soIub iI% curve 

The vapour pressure curves of salt hydrates are interesting examples 
of the application of the Phase Rule. If some hydrated copper sulphate 
pentahydrate, CuS0 4 , 5H 2 0 be placed hi a tensimeter (see § 148) 
together with a little of the trihydrate, CuS0 4 , 3H 2 0, the vapour 
pressure of the mixture is found to remain constant so long as there is 
any of the pentahydrate present, but as soon as all this has been 
converted into tho trihydrate, the vapour pressure suddenly drops until 

it reaches another constant level It 
remains level here until all the trihydrate 
has been converted into the monohydrate, 
and then there is another sudden drop. 
Again the vapour pressure remains con- 
stant until all the salt has been completely 
dehydrated. The temperature is supposed 
to remain constant during these changes. 
These facts are represented on the diagram 
(Fig. 128), and are capable of a very simple 
explanation on the basis of the Phase Rule. 
When the pentahydrate is being 
dehydrated, it is at first in the presence of 
some trihydrate. There are, therefore, two 
. i , solid phases, and three altogether, for there 

stZ by SSi, ™ odj too compo»« ts i„ this 

P = 3, C = 2, and hence F = 1. The system is univariant, but as the 
temperature is fixed, this one degree of freedom is removed. At con- 
stant temperature, then, the system fe invariant. Hence, while there 
are wo components, the vapour pressure must be constant. When all 
e pentahydrate has been converted into trihydrate, there is a sudden 
^op o o new dissociation pressure (§203), and the same conditions 
then apply. Treatment of this problem by the Law of Mass Action 
gives the same results (§ 203). 

The phenonmnon of efflorescence is closely bound up with this. The 
compounds CuSG 4 . 5H s O and CuS0 4 . 3H 2 0 can only exist together at 
one definite pressure of nfater vapour. If tho vapour pressure of water 
m the atmosphere exeeeds this amount, then all tho trihydrate goes into 


0 1 3 5 

MoK HjO to 1 MpLCuSQ* 

Fig. 128. — Vapour Pressure 
Curve of Copper Sulphate 
Hydrates at Constant Tem- 
perature (50° C.). 
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pentahyctoite; if it is less than this the pentahydrate gradually becomes 
transformed into the trihydrate, losing water, in making the vapour 
pressure of water in the atmosphere in its neighbourhood equal to the 
dissociation pressure. This is the phenomenon of efflorescence , where a 
hydrated salt loses its water of crystallisation and falls to a powder of 
some lower hydrate or the anhydrous salt. 

The absorption of water by a salt, and the solution of the? salt in the 
water absorbed is called deliquescence . A solid will deliquesce in moist 
air if the pressure of water vapour surrounding it is greater than the 
vapour pressure of its saturated solution. All salts would deliquesce if 
the vapour pressure of the water in the atmosphere were sufficiently 
great, but as it seldom exceeds 15 mm., and there are few salts with 
saturated solutions of vapour pressure lower than this, few salts actually 
do show this phenomenon. The vapour pressure of a saturated solution 
of calcium chloride is only 7*5 mm. at 20°, and so the salt is deliquescent. 
That of compel' sulphate is 16*0 mm., and so this salt rarely deliquesces. 
A Many Visitations of the Phase Rule to two component systems are 
penikmod in Chapter XII. 

;: v 221. System ol Three Components -x\s the number of com- 
' ponents in a system is increased the consideration of it becomes more 
difficult. As examples of three-component systems there are those 
consisting of water and two salts with a common ion, such as 
KBr + Nu.Br + H*0, NH 4 N0 3 + AgN0 3 + II 2 0, and NaCl + 
Na 2 C0 3 + H 2 0. If new compounds are formed in a system of this type, 
they can only have a composition between that of two of the three 
components (double salts and hydrates), and thus any phase which may 
occur can have its composition expressed in terms of the three com- 
ponents. A system consisting of water and two salts without a common 
ion would not come into this class, since new phases might be produced 
by double decomposition, of which the composition could not be 
expressed in terms of three of the components. This would b© a four- 
component system. If water were absent, the two salts without a 
common Ion would form a three-component system. Another example 
of a three-component system is the case of a salt and water where the 
salt undergoes hydrolysis, e,g 7 bismuth nitrate. 

For a given number of coexisting phases, the number of degrees of 
freedom in a system of three components is one greater than in a system 
of two components. For three components, P+F = C7 + 2 = 5. The 
maximum number of phases is, therefore, 5, when the system is invariant 
(F = 6); and the maximum number of degrees of freedom is 4, when 
P = 1 (one gaseous phase only). When F = 4, the temperature, 
pressure and concentrations of two of the components in the single 
gaseous phase may be varied arbitrarily, within certain limits. 

888. Graphical Representation of Systems tj* Three Components, — 
It is not always possible to represent the data for a ternary system 
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graphically. Very often, however, condensed systems are dealt with in 
which the pressure may be regarded as constant, and this simplifies 
matters a little. It is clear that if we have to represent the remaining 
three variables, temperature and two eoneentra- 
“7* tions, in a diagram, it will have to be a space 
diagram. This can be done by representing the 
j" composition by triangular co-ordinates, and the 

Temp temperature at right angles to the composition 
diagram. This is shown in Fig. 129. 

If the temperature is constant, the curve can be 

L represented on a plane, being a section of the 

\ | / prism at the right temperature. Such diagrams 

\i/ Concn are called isothermal diagrams , and the whole solid 

Pig 120 — Co- pdsm can be built up by the superposition of the 
ordinates for isothermal diagrams. Tins is a good method for 
Representation of constructing the solid models which are required 
a ent System^' to follow these systems. ? 

The base of the prism is taken as an equilateral 
triangle. The composition of each pure component is represented by a 
vertex. The length of the side is divided into a hundred parts. The 
composition of a ternary mixture is obtained by determining the 
distance of the point from a side measured parallel to the sides of the 
triangle. This method of representation is due to Roozeboom. To 
represent a mixture consisting of a , 6, and c per cent, of the components 
A, B, and C respectively, one side of the triangle is divided off into a 
hundred parts, and a portion Bx is measured off to 
represent a (Fig. 130). An amount Ay is now A 

measured off to represent 5. Then the remainder, / X 

xy, must be the amount of G, as altogether the com- / / \ 
positions must add up to 100. Through x and y lines / Y z \ 

are drawn parallel to the sides of the triangle. The \ 

point of intersection Z, is the point representing the ^ 1:i0 

composition of the ternary mixture. The distance of 
Z from the sides, measured along lines drawn parallel to the sides, 
obviously, from the geometry of the figure, gives the composition a, 6, 
and c. 

Other methods of representation have been adopted. That due to 
Gibbs represents the composition of the mixture by perpendicular 
distances of a point on the diagram from the sides. 

If it is necessary to show the effect of temperature, this can only be 
done with a solid model, the temperature axis being vertical. 

The use of triangular diagrams is shown in the study of the mutual 
solubility of three liquids, such as benzene, water, and acetic acid. This 
experiment is described It the end of this chapter. 

If the compositions of two phases are represented by the points X 
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Mid Y, witliiu the triangle, then a point P on the line joining X and Y, 
represents a phase consisting of a mixture of X and Y in the proportions 
PY to PX (Fig. 131). It follows that if the point representing the 
composition of a phase Z (Fig. 132) is joined to the point A, representing 
the pure component A, then any point R on this line represents a 
phase which is a mixture of A and Z in certain proportions (RZ : BA). 
This fact is often employed in studying saturated solutions. If the 
point Z in Fig. 132, represents the composition of a saturated solution, 
and some of the solid remaining over at the bottom of the solution is 
removed and analysed whilst still moist with the mother liquor, its 
composition will be indicated by some point such as B. The line ZB 
produced will cut one of the sides at some point. This point represents 
the composition of the solid in equilibrium with the saturated solution. 
It k often one of the pure components, as in the diagram we have chosen, 
but it need not be. In the latter ease, the formation of a double-salt 
would be indicated. IJn.es such as ZB are called tie-lines . The analysis 
of a number of mixtures similar to the above give tie lines intersecting at 
the composition of the solid phase in equilibrium with the solution. 

As one of tjie simplest examples of the application of the above 
principles, the system ammonium sulphate — ammonium chloride — 


water, may be considered. It is a ternary system, since it is made up of 
two salts with a common ion (the ammonium ion) and water. The 
object is to discover whether any double-salt is formed between these 
two constituents. In the diagram (Fig. 133), A represents ammonium 
chloride, B ammonium sulphate, and 0 water, and it iS drawn for' a 
certain specified temperature, say 25° 0. If a saturated solution of 
ammonium chloride is taken, its composition will be represented by a 
point P on AC. If, now, ammonium chloride is shaken up with 
ammonium sulphate solution, the composition of the saturated solution 
will be represented by a point, Q, inside the triangle, since it will now 
contain all three constituents. If the experiment is repeated with 'other 
solutions of ammonium sulphate of different concentrations, further 
points inside the triangle will be obtained, which all lie on the line PQR. 
If the damp solids as filtered from the various saturated solutions are 
analysed^ and their compositions plotted on the triangle, it is found that 
the tie-lines intersect at A, showing that the solid in equilibrium with 
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the solutions so far considered is ammonium chloride. If, now, a 
saturated solution of ammonium sulphate in water is analysed, its 
composition may be represented by X, on BO. If a mm onium sulphate 
is shaken up with ammonium chloride solution, and the saturated 
solution is analysed, its composition may be represented by a point Y. 
By repeating the work with ammonium chloride solutions of various 
concentrations, the curve RYX is obtained. Analysis of the damp 
solids in contact with the different saturated solutions, shows that their 
compositions may be represented by points on tie-lines joining the curve 
RYX to B. Thus the solid in equilibrium with the saturated solutions 
just considered is ammonium sulphate. If the tie-lines ending at R are 


Fig. 133, — System HH^Cl — (ISfH^SO* — H 2 0 (The diagram is schematic 
only, and is not drawn to scale.) 


drawn, it is found that they cut the side AB at various points, A, U, T, 
S, B, etc. This means that the solid in equilibrium with the saturated 
solution represented by R is variable in .composition, over the whole 
range x NH 4 C1, y (NH 4 ) 2 S0 4 . There is no double-salt formation. 

The interpretation of the diagram according to the Phase Rule may 
now be considered. There are three components — the two salts, and 
water at the point R, if both the salts are taken in sufficient quantity to 

three — one liquid, and 


saturate the solution. The number of phases is 
two solid. In a condensed system, 

pj r r = c+ 1 , 

hence, in this case, F f =* d , The diagram, however, is an isothermal one, 
so that temperature, the one remaining' variable, is fixed, and the point 
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on the diagram is invariant. It is called an isothermal! j invariant point. 
It must be emphasised that in a three-dimensional model the point 
would not be invariant. The interpretation of this is, that at the tem- 
perature for which the diagram is drawn, the solution of composition 
R is the only one that can exist, in a stable state, in contact with both 
ammonium chloride and ammonium sulphate. If there is insufficient of 
one of these (say ammonium chloride) to saturate the solution, there are 
now only two phases — one liquid, and one solid (ammonium sulphate), 
whilst the number of components remains the same. The system is now 
actually bivariant, but, since temperature is fixed in the isothermal 
diagram, It is effectively univariant, as far as we are concerned, and the 
equilibrium is now represented by the line RX. In the complete model. 



Fig. 134. — System NH 4 N0 3 — AgK0 3 — H 2 0 (schematic only). 

where temperature is represented by a vertical axis, the point R, and 
others like it, would lie on a line (the system being univariant), and the 
lines RP and RX would lie on surfaces (the system being bivariant). 

The above is a very simple % case, in so far as there is no formation of a 
double-salt. In a system such* as that of ammonium nitrate-silver 
nitrate-water, there is formation of a double-salt, the composition of 
which may be obtained from the diagram. 

Let A (Pig. 334) represent water, B ammonium nitrate, and C silver 
nitrate. The point P represents a saturated solution of ammonium 
nitrate in water. If, now, ammonium nitrate is shaken up with a dilute 
solution of silver nitrate, the composition of the saturated solution is 
now represented by Q. Repetition of the experiment leads to points on 
the curvQ PQR. Analysis of the^moist solids iif Contact with the various 
saturated solutions gives points on tie-lines connecting the curve PQR 
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with B, showing that the solid in equilibrium with these solutions is 
ammonium nitrate. If, now, the addition of silver nitrate is continued, 
the composition of the saturated solutions is found to lie on the line 
RST. The compositions of the moist solids in contact with these 
saturated solutions are represented by points, such as W, X, A , which 
when joined up with the points representing the compositions of the 
saturated solutions themselves, and produced backwards, cut the BC 
axis at Z , which is found to correspond to the double-salt NH 4 Ag(X0 3 ) 8 . 
This salt, then, is the substanee in equilibrium with saturated solutions 
over the composition range EST. If a saturated solution of silver nitrate 
is taken, its composition is represented by V. If silver nitrate is shaken 


A sA°s 
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,G Na 2 5 2 0 3 .5H 2 0 


NaAgjlS^ feA^O, tojA Sj (5/> 3 ) 4 Vl( S A>. 


Fig. 135. — System Na. 2 S 2 0 3 - Ag 2 S 2 0 3 - H a O at 25= C. (After Bassett md 

Lemon.) 


up with ammonium nitrate solution, saturated solutions, the composi- 
tions of which* are represented by points on the line TUV, are obtained. 
The solid in equilibrium with these solutiqps is silver nitrate. The two 
points R and T are invariant in the isothermal diagram, but actually 

represent univariant systems, as previously explained. . 

If the tie-lines happen to intersect at a point inside the triangle, the 
point of intersection still represents the composition of the solid in 
equilibrium with the saturated solution. This occurs when a hydrated 

double-salt is formed. . 

The triangular diagram may frequently be very complicated.. As an 
example of the information that can be derived from these studies, the 
system NaJ3A - Ag^A - HAmay be quoted. It has been 
investigated by Bassett and Lemon (J • G. S., 1933, 1423-14^,7). T e 
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student who wishes to carry his work further is recommended to consult 
the original paper. A very much simplified diagram only can he given 

here The form of the diagram is shown in Fig. 135. . 

Tlie points A, B, C, D, E, F, G are found to represent the following 

salts: — * 

NaAg 3 (S 2 0 3 ) 2 . H 2 0. 

NaAgS a O, • H 2 0. 

Na 5 Ag 3 (S 2 0 3 ) 4 . 2HoO. 

Na 3 Ag(S 2 0 3 ) 2 . H 2 0. 

Na 3 Ag(S 2 0 3 ) 2 . 2H 2 0. 

Na 3 Ag(S 2 0 3 ) 3 . 3H 2 0. 

Na 2 S 2 0 3 . 5H 2 0. 


A. 

B. 

C. 

D. 

E. 

F. 

G. 


All these salts arc, therefore, capable of existence. In all cases, except 
the last, it is to be noted that the tie-lines intersect within the triangle, 
showing that the double-salts are hydrated. 

There are many other facts that can he derived from a study of these 
triangular diagrams, and the student who is interested should consult 
one of the monographs devoted to the Phase Rule. 
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SOLUTIONS 


228. Definition of Solution. — A solution is a perfectly homogeneous 
mixture. 

Solutions of all kinds may be made. Thus, solutions of gases in gases, 
of gases in liquids, of gases in solids, of liquids in liquids, of solids in 
liquids, of solids in solids, can be prepared. Each of these classes 
presents numerous points of interest. 


A. SOLUTIONS OP GASES IN GASES 


224. Application of the Phase Rule. — All gases which do not com- 
bine chemically will mis in all proportions. If a drop of bromine is 
placed in a large flask, the bromine vapour rises, and' fills the whole 
vessel. In spite of the fact that it is many times heavier than air, it 
forms a perfect solution with air, owing to the process of diffusion. 

A mixture of two gases is a system of two components, hut with only 
one phase. Hence, according to the phase rule 

■" • p + F = C+2 

F = 3. The system has three degrees of freedom. This means that the 
temperature, concentration, and pressure can all be varied over a limited 
range without the risk of any new phase appearing. It must he borne 
in mind however, that if these variations are made sufficiently large, 
there is a possibility of obtaining a new phase, for one of the gases may 
liquefy, if the pressure and temperature are altered in the right direc- 
tions, and by sufficient amounts. 

225, Dalton’s Law of Partial Pressures. — The pressures of gases in 
solutions of gases in gases are measures of their concentrations. Indeed 
the usual method of measuring the concentration of a gas is by means of 
its pressure. A simple rule was put forward by Dalton in 1802 to express 
thopressure relationships in gaseous mixtures. It is known as Dalton’s 
Law of Partial Pressures, and states that the pressure exerted by a gaseous 
mixture is equal to the sum of the pressures which the constituents would 
exert if each occupied separately the volume of the mixture. 

The pressure that each gas would exert by itself is called its partial 
pressure. 

This law, like all the other gas laws, is only true for perfect gases, and 
of course it only appliesrivffiere there is no chemical combination, between 


■pj 
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There is another way of stating the law. If the gases are perfect they 
11 obey Boyle’s Law, and the volumes will be inversely proportional 
the pressures. We can therefore state that — the volume occupied by a 
ixlure of gases is equal io the sum of the volumes occupied by its con- 
Hu ants under the same conditions of temperature and pressure. 

This is sometimes known as the Law of Additive Volumes. 

226. Deter min ation o£ the Partial Pressures of Gases in a Mixture, 
a test Dalton’s Law all that would bo necessary would be to mix two 
„.,.c n* known pressures and find the total 


Ramsay, can, be used tor determining w 
partial pressure of hydrogen in any mixture. 

The palladium vessel, P, can be heated 
electrically, and is connected to a manometer. 

A mixture of, say , hydrogen and nitrogen, of 
which the partial pressures are required, is 
placed in the bulb, and a stream of hydrogen 
is passed through the outer vessel, at atmos- Fig, 
photic pressure. When the palladium bulb is * , ° 

heated, it becomes permeable to hydrogen, 

and the pressure of hydrogen becomes the same inside and outside the 
vessel, equal to one atmosphere. The pressure indicated by the 
manometer will, however, be greater than one atmosphere, by the 
partial pressure oi the nitrogen inside. By taking the reading of the 
manometer the partial pressure of the nitrogen can be obtained, and it 
the original pressure of the mixture were known, the partial pressure oi 
the hydrogen originally present could he found by difference. 

This experiment in itself is not of great importance, but it illustrates 
a method of determining partial pressures, and is very similar to experi- 
ments on osmosis in which a semi-permeable membrane is used, (fc 

An experiment to determine the partial pressure of oxygen in air may 

ho carried out with the apparatus described below. , 

The vessel A, whieh has a capacity of about 100 c.c., is fitted with a 
spiral of iron wire which can be heated electrically. It is connected by 
means of the two-way tap C with a manometer, B. The vessel A is first 
exhausted by connecting the tube D to a puiffp and turning the tap G. 
Bure dry air is then allowed to' pass into the bulb, which is cooled m a 


136. — Experiment 
illustrate Partial 
Pressures. 
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freezing mixture to 0° C. The tap is then turned so that the manometer 
is connected to the bulb, and the mercury is brought up to the mark, by 
raising the other limb of the manometer. The pressure of the gas is 
noted. The closed limb is now lowered, and the iron spiral heated. The 
iron combines with the oxygen, forming ferroso-ferric oxide. After a 
time, the current is stopped, the air in the vessel again brought to 0° C., 
and the mercury brought hack to the mark. The difference in pressure 

is noted. If the initial pressure was 
| 5cale P, and the final pressure, p, the 

partial pressure of the oxygen was 

r ' 1 -t g r->p *-*• 

] f I ni if Mark Where possible, it is very much 

/W\ y U easier to make use of the Law of 

k \ ) I B Hj Additive Volumes and calculate from 

r I w that the partial pressure of any gas 

in a mixture. Thus, if a mixture of 
carbon dioxide and nitrogen is given, 
the carbon dioxide may he absorbed 
with caustic potash, and the decrease 
in volume noted. 

227, Solubility of Vapours in Gases, — When a liquid A is very 
soluble in a liquid B, it is always found that B is very soluble in A. It is 
of interest to know whether a gaseous system of two components shows a 
similar mutual solubility between the components in each phase. 
Ammonia is very soluble in water. Will it attract water into the vapour 
phase? There is obviously an attraction between ammonia and water 
in the liquid state. Is there also an attraction between the two sub- 
stances in the gaseous state? 

There is no record of a liquid being more volatile in the presence of a 
gas than when it exists alone. If such a change in volatility could be 
found, the problem would be solved. There is, however, an obvious 
solution to the question. If the pressures of the two gases are deter- 
mined before mixing, and again after mixing, according to Dalton’s 
Law, the latfer pressure should be equal to the total of the initial 
pressures. If the final pressure is less tlian the sum of the original 
pressures, it may be concluded that th^re is some attraction between the 
molecules. 

MacFarlane and Wright (J. G . JS. t 1934, 207} investigated in this 
way the attraction under ordinary conditions of temperature and 
pressure, between the vapours of methyl alcohol, ether, acetone or 
chloroform, and the gases carbon dioxide, ammonia, sulphur dioxide, 
or hydrogen chloride. It was found that these gases show considerable 
attraction for the vapours of the liquids in which they are soluble, 
though no quantitative relationship^ between the attraction and 
solubility could be deduced. 


Fig. 137. — Apparatus for finding 
Partial Pressure of Oxygen in Air. 
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B. SOLUTIONS OF GASES IN LIQUIDS 

228* Definitions* — All gases are soluble to a greater or less extent In 
water. Those gases which are very soluble are invariably those which 
form compounds with water, e.g., ammonia, or dissolve to give ions, 
e.g. 3 hydrogen chloride. 

Several definitions of the solubility of gases in liquids have been 
proposed. If the volume of gas dissolved in 1 c.c. of liquid is expressed 
at the pressure and temperature of the experiment, the figure obtained 
is called the solubility. 

The absorption coefficient is the volume of gas in c.c.s measured at 
0° C. and 760 mm. which dissolves in 1 c.c. of water. ■ 

The absorption coefficients of gases differ very much. A table showing 
the absorption coefficients of a number of common gases in water is 

given below: — 


Table LX 


<* ■ 

Gas. 

Absorption Coefficient, 
at CPC. 

Ammonia 

1,300 

Hydrogen chloride 

506 

Sulphur dioxide . . . . . 

79-8 

Hydrogen sulphide . . . : . 

4-68 

Carbon dioxide . , . . . v 

1-713 

Ethylene . . -C; / v’.'-.y. ■ . 

0-25 

Oxygen . ■ . 

0049 

Nitrogen . . . 

0-024 


229* Determination of the Solubility of a Gas in a liquid* — Several 
methods are available for determining the solubility of a gas, depending 
largely upon the nature of the gas; but one method of general applic- 
ability is that devised by Ostwajjl, using the absorptiometer. 

The apparatus consists of two parts, an ordinary gas burette, G, and a 
gas pipette, C. The taps T and B are three-way taps, that at R, one-way. 
The end of the gas pipette is dipped into air-free water, the tap turned, 
and the pressure so adjusted by means of the burette that the vessel 
0 becomes completely filled with water. The taps R and B are now 
closed, the pipette is removed from the water, and then the volume 
of water it contains is measured by running off into a measuring 
cylinder* This gives the volume of the vessel® which volume may he 
called v v Now the pipette is filled with water as before. The tap T is 
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turned, to put G into communication with. B and F, keeping the tap 
B closed. By raising H, the mercury is made to fill G up to T. Now a 
source of the gas of which the solubility is required is connected 

to F. By opening T, connect F and 
6 f 5 ' B, but not G, and by opening B 

X f connect A and P, but not 0. Gas now 

j fcJ . flows from F to B and out at P. Now 

' if fl shut B, and by the tap T connect G 

[fj and A, and by lowering H fill G with 

j lL| A gas. Keeping B closed, connect A and 

I Iri CQlJ G, but not F, and allow to stand for 
'll about twenty minutes. It is advisable 

j| | p ump to have the tube A made of metal 

II (lead or copper), as rubber is per- 

1 1 JT meable to many gases, and also under- 

^ q 1 1 |f £ f goes volume changes on twisting, etc. 

I * c 1 j It is usually coiled intd a spiral to 

|| pgj facilitate shaking. Adjust II, and read 

li jf the level of the inercuvy in G, This 

11 can be called h r Let the height of the 

I | 1 U barometer l>e p, and the absolute tcm- 

perature of the pipette and burette 
n be T°. 

\ Now put a measuring cylinder under 

C, and allow B and A to be connected, 
but not P, collecting the water that 
I li runs out when B is opened. If this 

\\ I volume is v 2 c.c., the volume remaining 

\\ is v x - v 2 c.c. 

\\ J B is now shut and the absorption 

vessel is shaken. B is opened and the 
burette reading taken. This process is 
repeated until a constant reading is 
obtained. Let this he Ji 2 . The volume of gas absorbed is h x - h 2 - v 2 . 
The volume of liquid is v x - v 2 c.c. The yolume must be corrected to 
N.T.P. to obtain the absorption coefficient as defined above. 

Ifi this experiment it is absolutely necessary to keep the temperature 
of the absorption pipette constant. A slight variation may make a 
considerable difference to the result. It is therefore advisable to keep it 
in a constant temperature bath, which may or may not be at a different 
temperature from the gas in the burette. This temperature difference 
will have to be taken into account in the calculation of the result. 

The absorptiometer is not a sufficiently accurate piece of apparatus 
for the determination of the solubility of a very soluble gas, where very 
small quantities of solvent would have to be used to absorb the gas 


Fig, 138. — Ostwald’s Absorptio- 
meter. 
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Fig. 189.— Solubility 
Vessel. 


contained in so small a vessel as is there available. For this purpose, an 
entirely different method is used, due originally to Roscoe and Bunsen. 

A bulb of the shape shown in Fig. 139 is blown from thin glass, and 
bent as shown. The bulb should have a 
capacity of from 30-50 c.c. It is first weighed 
empty, and then it is about two-thirds filled 
with the solvent to be used. It is then con- 
nected to a source of the gas, the solubility of 
which is required, and the gas, after drying, is 
passed through the solvent until saturated, the 
bulb being kept in a constant temperature bath. 

The ends of the vessel are then held in a blow- 
pipe, or Bunsen flame, and drawn off, the 
pieces removed being preserved. The apparatus, 
together with the pieces drawn off, is then 
weighed. The difference between the original 
weight of the dry bulb and the final weighing 
gives the weight of the saturated solution. It is 
now necessary to determine how much gas has 
been dissolved. The procedure depends upon 
the nature of the gas. Most very soluble gases 
are either acidic or basic. If the gas is basic, e.g., ammonia, the vessel 
containing the saturated solution is placed in a dish containing a known 
volume of standard sulphuric acid, and is then broken by means of a 
glass rod. The ammonia solution neutralises some of the acid, which is 
then titrated with standard base. From the amount of add used up by 
the ammonia, the quantity of ammonia present can he calculated, and 
hence its solubility. Similarly, if hydrogen chloride were the gas under 
observation, the bulb would be broken under standard base, and the 
amount of base left over would be determined by standard acid. Or, 
the vessel could be broken under water, and the hydrogen chloride 
directly determined. 

In very accurate work it would be necessary to make corrections for 
the weight of air displaced by the gas, and the weight of moist vapour 
filling the spaces in the bulb* ‘ 

230. Nature of a Gas and its Solubility, — It has already been 
mentioned that the solubilities of gases vary enormously according to 
the nature of the gas and the solvent. Gases which give acidic or basic 
solutions, i.e., solutions in which ions are formed, are much more 
soluble than others. Thus, we may compare the solubility of oxygen, 
which has an absorption coefficient of 0*049, with that of hydrogen 
chloride, of which the absorption coefficient is 506. 

It is a remarkable fact that those gases which are easily liquefied are 
the moi;e soluble in the usual solvents. This’probably indicates misci- 
bility of the liquefied gas with water. To illustrate this, it may be noted 
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that alcohol vapour is soluble in water at 90° CL, and the liquid alcohol 
itself is completely miscible with water. 

The nature of the solvent also affects solubility considerably. Thus, 
we may compare the solubilities of carbon monoxide and of nitrogen 
in various solvents. This was done by Just in 1901, and Table LXI. 
embodies his results. It will be noted that the ratio of the solubilities 
remains practically constant, so that the solubilities increase or decrease 
to about the same extent in the different solvents. 


Table LXI 1 



Solubilities 
(25° C.). 

Ratio 

Solvent, 

N* 

CO. 

sol. CO 

fc _N 2 * 

Water .... 

0-0163 

0-0240 * 

1*47 

Aniline .... 

0-0307 

0-0536 

1-75 

Carbon disulphide 

0-0586 

0-0831 * 

1-42 

Nitrobenzene . 

0-0626 

0-0937 

1-50 

Benzene « . . 

0-116 

0-171 

1-47 

Glacial acetic acid 

0-119 

0-171 

1-44 

Toluene . ... 

0-123 

0-181 

1-47 


These remarks, of course, would not apply to gases which dissolve in 
some solvents with compound formation, and in others without com- 
pound formation, e.g., ammonia, which dissolves in water to form 
ammonium hydroxide, but in benzene without compound formation. 

The connection between the compressibility of the solvent and the 
solubility of a gas in it has been investigated. When gases dissolve, the 
solution usually occupies a greater volume than the original solvent, so 
that the solvent has to expand. It will do this against its compressibility, 
and so the tendency of the gas to dissolve is counterbalanced by the 
resistance of the solvent to expand. Experiments have shown that there 
is rSugh proportionality between the solubility of the gas and the 
compressibility of the solvent, 

231. Solutions of Gases in Salt Solutions. — Gases are usually less 
soluble in salt solutions than in pure water. Carbon dioxide, however, is 
more soluble in a solution of sodium phosphate, and in a solution of 
sodium chloride, than it is in water. 

Indifferent gases, such as hydrogen, oxygen and nitrogen, are always 

■ -..'my 

1 Taken from J. Newton Friend’s “Physical Chemistry”, Vol. I. (GrrSfin). The 
data for several other tables in this chapter have been taken from the same source. 
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less soluble in salt solutions, and solutions of some organic substances, 
than in water, the decrease being the same for all gases for a given salt 
concentration. It is thought that the salt may combine with some of 
the water, forming a hydrate, and that tills water Is then no longer 
available for the solution of the gas. If this is so, it should be possible 
to obtain valuable data as to the existence of hydrates, or of hydrated 
ions (§ 308), in solution from a study of the solubility of a gas in an 
aqueous solution. This has been done in the case of cane-sugar by 
Philip (1907). The solubility of hydrogen in cane-sugar solutions of 
various strengths was determined. From the decrease the degree of 
hydration of the cane-sugar was obtained. 


Table LXII 


Cane-sugar. 

Per. cent. 

Vo!, of N 2 absorbed at 1 5 ° C. 
by 1,000 gms. H 2 0 in the 
solution. 

Mols. HjP per mol. sugar. 

0 

18-83 c.c. 


lC- r 67 

17-55 „ 

6-5 

30-08 

16-27 „ 

6-0 

47-65 

13-95 „ 

5-4 


To indicate the method of calculation, the solution containing 
30*08 per cent, of cane-sugar may be taken. This absorbs 16-27 c.c. of 
hydrogen per 1,000 gms. of water. But pure water will absorb 18*83 c.c. 
of hydrogen per 1,000 gms. at the temperature used. Hence, the 
decrease is 2*56 c.c. The fraction of the total quantity of water attached 
to the sugar must be 2*56/ 18*83, and hence the number of water 
molecules attached to one molecule of cane-sugar (molecular weight 
342) is 

2-56 X 69*92 X 342 _ AA 

= 6 * 00 . ■■ 

18*83 X 30*08 X 18 

This evidence alone, of caul’s©, would be insufficient to enable us to 
assume that a definite hydrate of cane-sugar of the formula „ 

6H 2 0 existed in solution, especially when it is noted that the molecular 
hydration decreases as the concentration of the solution increases. 

The solubility of sulphur dioxide in solutions of sulphuric acid in 
water gives an indication of the existence of a hydrate of the formula 
H 2 S0 4 . H 2 0, which is interesting because so many other properties 
of the aqueous solution of the acid show marked changes at this com- 
position. Viscosity, density, optical properties, capillarity, specific heat 
and conductivity all show abrupt changes atkr concentration 84*5 per 
cent, acid, 15*5 per cent, water, which corresponds to the monohydrate. 
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If the solubility of sulphur dioxide in aqueous solutions of the acid is 
plotted against concentration of acid, a curve is obtained similar to 
that shown in Fig. 140. 

Assuming that a solution of sul- 
phuric acid in water consists of a 
mixture of the monohydrate and of 
water, the sulphur dioxide has the 
opportunity to dissolve in both of 
them. The solubility in an acid of the 
concentration required to give the 
pure monohydrate is 2*8 gms. of 
sulphur dioxide in 100 gms. of solution. 
From this, the solubility of the gas in 
acid of any strength can be calculated. 
Thus, the solubility of sulphur dioxide 
%HS0 in sulphuric acid of strength 74*1 per 

Fig. 140. — -Solubility of Sulphur cent - ma 7 be calculated. This will 

Dioxide in Sulphuric Acid. correspond to (100 X 74*1/84*5) = 

87*68 per cent. H 2 S0 3 . II 2 0. The 
free water present will then be 100 - 87*68 = 12*32 per cent. Now, the 
solubility of sulphur dioxide in pure water is known to be 10 gms. per 
100 gms. of water. Hence, the 12*32 gms. of water will dissolve 1*232 
gms. of the gas, and the sulphuric acid monohydrate will dissolve 
(87*68 X 2*8)/100 = 2*455 gms., making a total of 3*687 gms. The 
observed value was 3*63 gms. The following table gives the results for 
other concentrations, and the general agreement between the observed 
and calculated results gives support to the assumption made above, viz., 
that aqueous solutions of sulphuric acid contain the monohydrate, and 
are, in fact, solutions of the monohydrate in water, and that the gas 
dissolves in both parts of the solution, the effect being additive* 


Table LXIII. — Solubility of Sulphur Dioxide in Aqueous 
Solutions of Sulphuric Acid. (Miles and Fenton.) 


M 

m 

O 

► 

84*2 

82-5 

80-2 

7P'3 

74*1 

68*9 

• i 

61*0 | 

69-6 

Sol«(calc.) 

2*83 

2-97 

3*11 " 

3*33 

3*69 

4.13 

4*76 

4-92 

Sol. (obs.) 

2*88 

2*99 

3*12 

3*23 

3*63 

4- 16 

" : ! 

4*82 

4-90 


232* Effect of Temperature on Solubility.— When gases dissolve, 
there is usually an evolution of heat. On the basis of Le ChatelieFs 
theorem (§ 149) it would therefore be expected that they would be less 
soluble at higher temperatures, and this is found to be the qase. All 
gases except hydrogen and the inert gases, which have minima in their 




solubility curves, are less soluble as the temperature is increased. This 
is in marked distinction from solids, of which the reverse is usually, but 
not always, true. Solids usually dissolve with absorption of heat, and 
hence they are more soluble at higher temperatures. 

When a solution of a gas is heated, the gas is usually expelled. If 
the gas obeys Henry’s Law (§233), it should all be expelled at the boiling 
point of the liquid, if an open vessel is used ; but it is extremely difficult 
to get rid of the last traces of a gas dissolved in water. Even after 
prolonged boiling water will contain traces of air. 

Certain gases cannot be expelled when their solutions are boiled, for 
they form constant boiling mixtures. An example of this is hydrogen 
chloride. If a dilute solution of this gas in water is boiled, vapour richer 
in water will be given off first, until the solution remaining in the vessel 
has reached a certain strength (20*24 per cent, at 760 mm.), when it will 
distil over as a whole, just as if it were a definite compound. The 
temperature at which this occurs is 110° C., when the pressure is 760 mm. 
If the acid solution which is heated is more concentrated than this to 
start with, vapour richer in acid will be given off first until there remains 
a liquid of the* above composition, which will then distil unchanged. 
The fact that the composition of the constant boiling mixture varies 
with the external pressure indicates that it is not a definite compound, 
although for some time it was thought to be one, especially m the 
composition of the mixture worked out almost exactly in agreement with 
the formula HC1 , 10H 2 O. ; . ■ 

The other halogen acids, and some other gases, form constant boiling 
mixtures which will be further discussed in connection with distilla- 
tion (§ 249). 

233. Henry’s Law. — In the case of a solution of a gas in a liquid, 
two phases are present — gas and solution. There are also two com- 
ponents — gas and solvent; so that, according to the Phase Rule, 

F+F=~C+2, 

2 + F=~ 2+ 2 , 

i.e. 9 F = 2. * 

The system is therefor© bivariant. Thus, if the temperature is fixed, 
both pressure of gas and composition of solution can vary. If the 
composition is fixed, pressure and temperature may be varied, , 

The connection between the pressure and composition of the solution 
is the most advantageous to study. This relationship was first noticed 
by Henry (1803), and was embodied in Henry’s Law, which states that 
the mass of gas dissolved by a given volume of liquid at constant temperature 
is proportional to the pressure of the gas . St ated algebraically 

- = . . . . (1) 
P 

where mis the mass of gas dissolved and p the pressure. 
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If we wish to deal with the volume of gas absorbed instead of the mass, 
this can easily be done by making use of the fact that the mass of a gas 
is proportional to its volume, by Avogadro’s hypothesis, and is also 
proportional to the pressure, by Boyle’s Law. Thus m = pvK\ Sub- 
stituting in (1) we have 

* = f .... (2) 

i.e.y the volume of gas absorbed is independent of the pressure* 

The law may be stated in another form. Suppose the mass of gas 
absorbed in unit volume of the liquid is considered. Then the numerator 
of (1) will be the concentration of the gas in the solution, which may be 
called C r Now, the pressure of the gas is only another way of stating 
its concentration, so that instead of writing pressure p, we can write 
concentration 0 2 , and so we have 

£ = *3 . . * • ( 3 ) 

i.e., the concentrations of any single molecular species in two phases in 
equilibrium bear a constant ratio to each other at constant temperature . 
This is the generalised expression of Henry’s Law. 

A qualitative statement of Henry’s Law can be derived from con- 
sideration of Le Chatelier’s theorem ]§ 149) v According to this theorem, 
any system areqm® subjected to a constraint, vull shift- 

its equilibrium in such a way as to tend to annul the constraint. When 
we have a solution of a gas in equilibrium with the gas itself, if increased 
pressure is placed upon the gas, its volume would tend to get smaller; 
this would be aided by solution in the solvent, and hence the constraint 
would be annulled. Hence, the gas will be more soluble as the pressure 
is increased. 

The law follows qualitatively also from considerations of the kinetic 
theory. If a solution of a gas in some solvent is in equilibrium with the 
gas itself, and then additional pressure is applied to the gas, the result 
will be to increase the number of molecules hitting the surface of the 
solvent in unit time, and hence to increase |he solubility. 

Dalton showed that, in the case of % mixture of gases, Henry’s Law 
applied separately to each gas, and that the pressure to be taken into 
account was the partial pressure of the gas in question, and not the 
total pressure. 

This is illustrated in the case of air. Here w© are dealing with a 
mixture of two gases (for simplicity) but the matter is complicated 
since the solubilities of the two gases are different. The partial pressures 
of oxygen and nitrogen in the air are in the ratio 1 : 4, but the solubility 
of oxygen is greater thaa*that of nitrogen, so that the gas expeljed from 
water on boiling, or on reducing the pressure, is relatively richer in 
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oxygen than the original air was. If this gas is redissolved In water, and 
then boiled out again, it will be still richer in oxgyen, and at one time 
it was proposed to make oxygen from the air in this way on the com- 
mercial scale. After eight absorptions, a gas containing almost 98 per 
cent, oxygen could be obtained. 

That Henry’s Law holds for other solvents besides water, providing 
physical solution only takes place, has been shown by numerous 
observers. Thus, the solution of hydrogen sulphide in aniline has been 
shown to obey the law closely (Bancroft and Beiden, J. Physical Chem 
1930, 84, 2123) indicating that there is no compound formation in this 
ease. 

234. Experimental Verification ol Henry’s Law. — In the laboratory 
the law can easily be verified by the use of the ordinary apparatus for 
determining the solubility of a gas in a liquid. On altering the pressure, 
the volume of gas absorbed should remain constant. 

The law lias been verified by many investigators. The following are 
gome of the remilts obtained by Morgan and Richardson' ( 1 930) 1 for the 
solubility of oxygen. 


Table LXIV.— Solubility of Oxygen in Water at different 

Pressures 


Pressure, p. . 

Cnis. 

Mass of gas dissolved in 

1 litre of water, m. 

Gins* 

mjp. 

76-0 

0*0408 

0*0005369 

61-0 

0*0325 

0*0005328 

414 

0*0220 

0*0005314 

300 

0*0160 

0*0005333 

17*5 

0*0095 

0*0005429 


The above determinations, 1 were made at 25° 0. If Henry’s Law is 
true, the values given in the last column of the table should be constant. 
This is so, within the limits of experimental error. It has been shown 
by many others that the law holds w T hen there is physical solution; but, 
when there is compound formation, association or dissociation, the law 
must be modified. It should be pointed out, however, that deviations 
from the law are encountered even with physical solution. It has also 
been shown that the nature of the deviations depends not only upon the 

1 For an account of the accurate determination o£ gaseous solubility, see the 
papers by Morgan and co-workers oj* the solubility of oxygen in various solvents 
in J. Physical Chem., 1930, 34, 1578, 1818, 2045, 2356. 
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1 This paragraph requires a knowledge of several points dealt with later in the 
book, and is best postponed until a second reading. 


gas, but also upon the solvent. The solubility of argon, for example in 
water, methyl and ethyl alcohols, pentane and other organic liquids, 
shows deviations from Henry’s Law which are negative for water and 
positive for the alcohols. Such deviations cannot be accounted for by 
the imperfect nature of the gases. Like Boyle’s Law, Henry’s Law can 
only be true for ideal gases, and ideal solutions (i.e., those in which there 
is no compound formation), but in the examples now considered 
deviations due to the non-ideal nature of the solution are insufficient in 
magnitude to account for the differences observed (see § 292). 

235. Deviations from Henry’s Law. 1 — There are three ways in which 
solution can take place, in addition to ordinary physical solution. There 
may be compound formation between the solvent and the gas; there 
may be association of the gas into more complex molecules; or there may 
be electrolytic or other dissociation of the substance (§ 297). Sometimes 
more than one of these possibilities is met with in the same solution. 

The guiding principle to be borne in mind is that Henry’s Law only 
holds when th$ same molecular species is considered in the two phases. 
Even though solution does take place in an abnormal fashion according 
to one or more of the above methods, we can still apply Henry’s Law if 
we consider the molecular species present that are identical in the two 


(1) Compound Formation . — The e quilibria are represented by 


X^X+nS^X.nS. 

Gas phase. Liquid phase. 


Actually in the solution there will be an equilibrium between the com- 
pound and the solvent and gas. This will be governed by the Law of 
Mass Action (§ 196). 

Let C x = concentration of gas molecules in the gaseous phase, 

C? 2 = concentration of gas molecules in the liquid phase, 

C z — concentration of solvent molecules, 

C 4 = concentration of compound molecules. 

By Henry’s Law 

<1 

U 2 

By the Law of Mass Action 

C ^ X c 


Now C z will be very large, and can be written as a constant. Hence, 

<v 
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Inverting this equation, we have, 


from (I) 


i.e,, the ratio of concentration of molecules in the gas phase to the total 
concentration of gas molecules, both free and compound, in the liquid 
phase is constant. This latter is the concentration of gas in the liquid 
phase as determined by analysis, and so, if Henry's Law is applied to 
this system in the usual way, it will give an answer which is apparently 
correct. It is to be noted, however, that the constant calculated will 
have a different value from that which would be obtained if the law 
were applied tfo the true gas molecules which are dissolved, but this is 
the only difference. An example of a gas which follows this equation is 
carbon dioxide# The amount of electrolytic dissociation occurring here 
is so small as to be negligible. 


Table LX V.— Application of Henry's Law to the System 
. Carbon Dioxide- Water 


Wt. of Gas dissolved, m. 
. Gms. 


Pressure of Gas, p. 
Metres of Hg. . 


38-61 

27-24 

27-08 

27-28 


52-49 

51-94 

51- 71 

52- 13 


0-7255 

0-5245 

0-5237 

0-5231 


58- 53 

59- 78 
59-48 


31-41 

38-66 

38-49 


0-5244 

0-6467 

0-6470 


If, however, the compound formation is accompanied by dissociation 
the caso is quite different. 

(2) Dissociation . — Tho equilibria now present are 

XY^XY X+ 

Gas Phase Liquid Phase 
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Let a be the degree of dissociation, and the above symbols still retain 
the same significance, and let G be the total concentration in the liquid 


Henry’s Law states, 




G, 




(1) 


The Law of Mass Action states 


C(l - a) 


K* 


(2) 


Hence, 


K 2 ± Vlf 2 2 + 4rK.fi 


2(7 


( 3 ) 


The negative value of the quantity under tho square root sign is 
inadmissible. . 0 

• K = = Cl = — I (4) 

1 C 2 (7(1 - a) 20+K a - VK^ + IK 2 C ' w 


If this is to be tested experimentally, it is necessary to know the 
equilibrium constant K z . C 1 and G are obtained by analysis. This 
theory has been tested experimentally in the case of ammonia gas 
dissolved in water. Here the equilibria are 

NH S ^ NH 3 + H 2 0 ^ NH 4 OH ^ NH 4 + + OH- 

but the formation of the compound, HH 4 0H, has no effect on the form 
of the equations, making a difference only in the numerical value of the 
constant. There is satisfactory agreement. Some of the results are 
shown in the accompanying table, due to Calingaert and Huggins (1923). 


Table LX VI. — The System Ammonia-Water at 109° 0. 


a 

SSM 

0 

I - a. 

' > 

tr — * 

1 C(l 

1-256 

12-92 

0-987 

13-1 

0-633 

12-67 

0-981 i 

12-9 

0-148 

12-13 

0-963 

12-6 

0-0386 

12-06 

0-926 | 

13-0 

0-0107 

11-53 

0-864 

13-3 




Tho case of association can be treated in an exactly similar manner. 


4 

% 
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Where the degree of dissociation is large, the calculation can he 
simplified. If the concentration of single molecules in the gaseous 
phase is C v and that in the liquid phase is Cf 2 , C t /C 2 = K. Now suppose 
that dissociation takes place into two individuals. If G z is the con- 
centration of each new species, by the Law of Mass Action, G % = K x 0 3 2 . 
Hence, the concentration of the single molecules, assuming dissociation 
to be large, wall be proportional to the square of the concentration of the 
new species, which In this case is the quantity measured. Hence, 


In the case of association, let the concentration in the gas phase be 
G v whilst the concentration in the second phase is G z ; and let n be the 
number of simple molecules in the associated complex. If the concen- 
trations of single and associated molecules in the liquid phase are s and a 

# 

$ 

respectively, then by the Law of Mass Action s n = Ka, or — ^ = C . The 


concentration of single molecules in the liquid phase is thus propor- 
tional to the nth root of the concentration of the complex molecules, 
which is actually measured, and Henry’s Law takes the form, 


C. SOLUTIONS OF GASES IN SOLIDS 


230. Types of Solution. — Gases are frequently taken up by solids, 
c.g. t palladium takes up hydrogen, and charcoal absorbs many gases. 

There are four ways m which this may occur. Strictly speaking, it is 
not correct to term all these different ways solutions, but it will be 
better for our purpose if they # are all considered here. 

In the first place, a gas may dissolve in a solid to give a perfectly 
homogeneous solution in which there has been no alteration in the 
constitution or composition of the gas at all This is a case of true 
solution, and the laws which govern this phenomenon are similar to 
those which govern the solution of gases in liquids. 

Secondly, two or more solid solutions may be formed, and these may 
be only completely immiscible or partially miscible, with each other. 

Thirdly, a chemical compound may be formed between the gas and 

• ' . ft* « 


the solid. 



, Concentration 

Fig. 141. 
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Finally, the gas may be adsorbed by the solid. By the term “adsorp- 
tion” *we mean taking up on the surface only. When a gas is adsorbed 
by a solid it forms only a surface layer. It is true that this is usually 
accompanied by a slow diffusion of the gas to the interior of the metal, 
but at first the gas is concentrated at the surface. Adsorption is an 
extremely important phenomenon and comes into play not only here, 
but also in the solution of solids in liquids, and in other cases. It largely 
explains the catalytic activity of powdered and finely divided metals, 
as will be explained in a later section (§ 374). 

To decide in which of these four ways a gas has been taken up by a 
solid, the Phase Rule will be found especially useful. 

237, True Solution.— In the case of a gas dissolving in a solid to 
form a true solution, Henry’s Law will apply. As in the consideration 
of the solution of gases in liquids, the number of phases is two, and the 
components two. Hence, the number of degrees of freedom is also two. 
If the temperature is kept constant, both composition of the solution 
and the pressure can he altered, but one will depend I’pon the other. 
The concentration (C) and pressure (P) will be related by the equation 




If then the pressure is plotted against the composition of the solution, 
a straight line will be obtained, as shown in Fig. 141. 

If, however, the gas changes its molecular condition when it dissolves 
in the solid, the relationship is, as in the case of the system, gas-liquid, 

i § iii 

Vo 

when association into molecules of n times the 
molecular weight takes place in the solid, and 

C n 

when dissociation of the molecule into n parts 
takes place in the solid (§ 235). 

23S— Formation^ of Solid Solutions. — It is 
possible for a gas to dissolve in a solid to form a solid solution, and when 
the concentration reaches a certain value a new solid solution may be 
formed which is not miscible with the first. As soon as this happens we 
have two solid phases, and one gas phase, making a total of three, whilst 
the number of components remains two. Hence, the number of degrees 
of freedom is one, f.e., only one variable can be fixed arbitrarily. If the 
temperature is fixed, then the pressure and compositions of the phases 
are automatically fixed too. 

If a graph is drawn- between pressure of the gas and concentration 
(the amount of gaseous component in the system) at constant tempera- 
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ture it is found to be of the form shown in Kg. 142. The portion ah 
represents the formation of the first solid solution. This is a straight 
line, governed by the equation P/G = K. There are two degrees of 
freedom, since we have two phases (solid and gas). One degree is lost in 
farin g the temperature, and so there is one left, i.e., to each concen- 
tration there is a definite pressure, giving the curve ab. At b the new 
solid solution makes its appearance, and there are now three phases, 
and only one degree of freedom in the system. As the temperature is 
fixed, there are no degrees of freedom left at all, and so the next part 
of the curve is a straight line parallel to the eoneentration axis. Addi- 
tion of one or other component now merely alters the relative amounts 
of the phases, leaving their compositions and the gas pressure constant. 
It may be that as the concentration of gas is increased the first solid 
solution disappears, as it is completely converted into the second, and 
then there are only two phases again, and the curve would be of the 
formed. 

239, Formation of Chemical Compounds, — If a gas forms a com- 
pound with a solid, admission of large quantities of gas will fail to 
produce any gr$at pressure of gas over the solid, since the dissociation 
pressures (§ 196} of solids are usually low at ordinary temperatures. 
When, however, all the solid has been converted into the compound, it 
may be incapable of absorbing more, or the new compound may act 
like the original solid and give solid solutions 
with the gas^or form another higher com- 
pound. If that is so, the phenomenon is 
governed by exactly the same considerations 
as tho&e already stated, the compound being 
ffrded for this purpose as a pure solid. 

> Adsorption. — This is the most 
important ease of all, and the one usually 
met with when a gas is 'taken up” by a 
solid. It is well known that glass and 
porcelain have the power of taking up moisture from the atmosphere. It 
is extraordinarily difficult to remove this film of moisture! To remove 
it completely it is necessary to heat the vessel to redness in vacuo. It is 
a surface effect, and hence finely^ divided solids, having a large super- 
ficial area for a given mass, will be more active in taking up gases in this 
way than an ordinary solid. Thus, platinum black, finely divided 
nickel, copper powder, animal charcoal and other kinds of charcoal are 
especially active as adsorbing agents. 

When a gas is brought into contact with some such agent, a condition 
of equilibrium is set up almost immediately. A certain amount of gas is 
adsorbed at a given pressure, and if the pressure is altered either more 
gas is taken up or some is expelled. The fact that equilibrium is instan- 
taneous points to the phenomenon as being a surface effect, for mole- 
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Fig. 142* 
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cules can diffuse only slowly through a solid* After a time, however, a 
further small amount of gas can he taken up, showing that there is a 
slow diffusion of the gas into the interior of the adsorbent. 

A study of the amount of gas adsorbed by a given surface under 
different pressures shows that the relationship. 


holds. In this equation, x is the weight of gas adsorbed by m gms. of 
solid at pressure p 3 a is a constant dependent upon the surface, and h a 
constant dependent upon the gas. b is always less than unity. 

A comparison of this expression, which is called the adsorption 
isotherm , with Henry’s Law shows that the two are alike in form. 
Henry’s Law may 1x3 written in the form 


x being the amount of gas dissolved by m gms. of liquid at a pressure p } 
and a being a constant. We have seen that when the pressure is raised 
to a power it indicates a change of molecular state of the gas in the 
solvent. The formula employed when dissociation takes place in the 
solvent is 

C t ~ x 
-A = K, or - = ap n , 

C 2 n m 

and when association takes place 

C, _ x JL 
ST = = K or - = ap n . 


Hence, it might be concluded that we are dealing in this matter of 
adsorption with a change of molecular state of the gas when it is taken 
up by the solid, and, since the power b is always less than unity, the 
molecular weight in the adsorbed state must be less than in the gaseous 
state. Actually b comes out at 0*44 for ammonia, 0*39 for carbon 
dioxide, and 0*12 for chloroform. These values would give impossible 
figures for tKe molecular weight in the adsorbed state, so we are forced 
to conclude that the adsorption isotherm is an expression of an entirely 
different nature from Henry’s Law. It is, in fact, merely empirical 
(§-363). 

241* — The Mechanism of Adsorption* — Adsorption is due to surface 
forces. In dealing with surface tension it was pointed out that the 
surface forces were due to unbalanced molecular forces. In the bulk of a 
liquid a molecule is surrounded on all sides by other molecules, and 
consequently it attracts, and is attracted, in all directions equally; but 
in the surface layer the molecules are subjected to fields of force which 
differ over their surfa^O, and so there is the development of surface 
energy. 
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A very similar explanation can. be given for adsorption. The atoms In 
a solid are held in position in the space lattices {§ 133) by attractive 
forces between neighbouring atoms. At the surface, however, they are 
held only partially by these forces, and so there will be a certain amount 
of surface energy latent. A gas molecule will be held by the atom with 
this extra force, and will thus be adsorbed. If the gas molecule itself 
possesses a certain amount of affinity for the solid, it will be held 
relatively firmly, and, indeed, chemical reaction may take place; but 
if its affinity for the metal is smaller or negligible, the only force holding 
the gas atom on to the metal is the unsatisfied crystal force mentioned 
above, and slight thermal agitation will be sufficient to remove it. 

Langmuir, in accordance with this theory, believes that there are 
certain points on a solid surface where this additional force is centred. 
These points have a definite relationship to the crystal lattice. When a 



gas Is admitted to a vessel containing the solid, which has been previously 
outgassed by heating to redness in a vacuum, it is adsorbed at these 
points. The pressure may not be sufficient to cause all the vacant spaces 
to be occupied, so that on increasing the pressure a further amount of 
gas is adsorbed. Ultimately, however, all the available spaces are filled, 
and the surface is covered with a layer of gas one molecule thick. It has 
been shown experimentally that in many cases of adsorption of gases the 
a dsorbed layer is unimoleeular. 

When dealing with some of the gases which are most easily liquefied, 
or with others which are near their critical point, the adsorbed layer 
may be more than one molecule t^iick, for at this stage there are attrac- 
tive forces between the molecules of the gas themselves, which will 
enable thicker layers to be built up. It is for this reason that the more 
easily liquefied gases, such as ammonia and carbon dioxide, are the 
more readily adsorbed by agents such as charcoal 

The fact that a gas is more easily adsorbed when it is nearing lique- 
faction is made use of in the high evacuation of tubes for spectroscopic 
work. First as much air as possible is removed from the tube (which is 
provided f with a side-tube containing coconut* charcoal, a specially 
active adsorbent) by means of an air-pump. Then the tube containing 
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the charcoal is placed in a Dewar vessel containing liquid air (Fig. 143). 
The charcoal adsorbs almost entirely the gas which is left, enabling a 
much higher vacuum to be obtained than would be possible by means of 
a pump alone. 

The fact that finely divided metals are good catalysts in various 
reactions can be explained as an adsorption phenomenon, and for this 
reason the study of adsorption is of great importance. It will be further 
discussed in Chapters XVII and XVIII. 

242. The Occlusion of Hydrogen by Palladium. — One of the most 
interesting cases of the solution of a gas in a metal is the occlusion of 
hydrogen by palladium. This phenomenon was first observed in 1866 
by Graham, who found that palladium foil which had been previously 
heated to redness in a vacuum would take up 376 times its volume of 
hydrogen at room temperatures, 643 times at 90°-97° C. and 526 times 
its volume at 245° C. 

The amount of gas taken up, however, depended upon the pressure, 
and upon the '‘physical state of the metal. Graham believed that the 
hydrogen was condensed to a sort of metal, to which he gave the name 
“hydrogenium”, and that this formed an alloy with the palladium. 

Troost and Hautefeuille in 1874 studied the effect of pressure on the 
occlusion. At a given temperature (say 120° C.) they found that at first 
the pressure increased as the concentration of gas in the metal increased, 
but that on further addition of hydrogen the pressure remained constant. 
On still further increasing the concentration of hydrogen, the pressure 
rose. The same thing happened at other temperatures. The results are 
embodied in the curves drawn in Fig. 144. 

The first part of the curve, ab s would correspond to physical solution 
of the hydrogen in the metal (cf. Fig. 141). Troost and Hautefeuille 
considered that the straight portion, be , which followed indicated the 
formation of a chemical compound, which, when all the palladium had 
been converted into it, could itself take up hydrogen, thus accounting 
for the renewed rise in the curve, cd. The palladium had taken up 600 
volumes of hydrogen at the commencement of the second rise. The 
density of palladium is 12, so that the ratio of the weights of metal and 
gag in the substance formed is 12 : 600 }< 0-00009 = 12 : 0-054. The 
atomic weight of palladium is 100 A If the substance is a definite 
chemical compound its formula will be obtained by dividing these ratios 
by the atomic weights. The values 2-03 : 1 are obtained, which would 
make the compound Pd 2 H. As will be seen below, it is a mere coin- 
cidence that this is a simple ratio. 

However, simply because the pressure remains constant whilst the 
composition varies, it cannot be argued that a compound is present. It 
is equally possible, as Hoitsema showed, to have two non-miscible solid 
solutions. We have aifeady seen that this would give a curve of the 
nature required (§ 238). 
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. It is necessary to find some way of distinguishing the two cases, so 
that it may be known definitely whether It Is a matter of formation of a 
compound, or two non-miscible solid solutions. This can be done from 
a study of the pressure-composition curves for different temperatures, 

, If a chemical compound is present, the pressure remains constant whilst 
the metal takes up more and more hydrogen until all the metal is 
converted into compound, after which it again rises. The concentration 
at which the second rise begins should be the same at all temperatures 

unless different compounds are 
formed at different temperatures. 
There are only certain possibilities' 
of this, and it must be assumed 
that one compound would be 
stable above a certain tempera- 
ture, and another below It, in 
which case the concentration at 
which the second rise begins 
should be constant up to a certain 
temperature, and then suddenly 
take up another definite value. 

If two non-miscible solid solu- 
tions are present, the concen- 
tration at which the second rise 
begins, i.e., the concentration at 
which the solutions become com- 
pletely miscible, and therefor© 
exist as one phase, will vary con- 
tinuously with temperature. A glance at the curves in Fig. 144 will 
show that this second ease is correct, and that wo are dealing with two 
non-miscible solid solutions, 

A good deal of work has been done to discover more about these 
solid solutions, and the conclusion has been drawn that they are in 
effect a solution on the surface, and a solution in the interior of the metal. 
The latter does not appear to be homogeneously distributed through 
the metal. The surface layer can be removed fairly easily by pumping, 
but it is much more difficult % to remove the hydrogen hi the interior. 
X-ray analysis (§ 134) of the palladium which has adsorbed hydrogen 
fails to show any change of structure at the beginning of the portion of 
the curve be. A change would be expected if compound formation 
occurred. They do indicate, however, that there are two immiscible 
solid solutions, as shown by the Phase Rule treatment. 
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Fig, 144. — Relationship between 
Pressure and Concentration in the 
Palladium -hydrogen System. 
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D. SOLUTIONS 01 LIQUIDS IN LIQUIDS 

243. General. — It was a tenet of the alchemists that similia similibus 
solvuntur (like is dissolved by like), and this appears to be generally 
true. Thus, water will dissolve alcohol to any extent, but will not mix 
with mercury. Mercury, on the other hand, will dissolve metals. 
Benzene will not dissolve water, but will dissolve hydrocarbons. 

This generalisation has received some theoretical explanation from 
the electronic theory. It is found that liquids tend to fall into two 
classes, water and the hydrocarbons being the extreme members of 
each class. Liquids of the water class dissolve in each other, but as a 
rule will not mix with those of the hydrocarbon class. The liquids of 
the water class are all ionising solvents, they have higher dielectric 
constants than the other liquids (a property which makes them ionising 
solvents), they tend to polymerise in solution, and in the pure liquid 
state, and they have abnormally high boiling points. The liquids of the 
water class ai% termed “abnormal”, whilst those of the hydrocarbon 
class are “normal”. Sometimes the terms “polar” and “non-polar” 
respectively, are met with to indicate these classes of pquid; but these 
terms are strictly speaking incorrect, and should be avoided. Generally, 
associated substances are co-ordinated compounds (§ 75). 

All non-associated liquids are completely miscible with each other, 
and all the extreme members of the associated class, e.g*, water and the 
lower alcohols, are completely miscible. If, however, we bring together 
a liquid of one class and one of the other, a solution will not usually be 
formed. Since there is this difference between molecules of the different 
classes, it is clear that the deciding factor is the nature of the electric 
fields of the molecules. In associated molecules there must be electrical 
forces which tend to keep the molecules together, and these give rise to 
an internal pressure. In normal molecules there is a very weak external 
field, so that if a normal substance is mixed with an associated one 
there will be a tendency for the two types to separate, and solution will 
not occur. The associated molecules will tend to remain as such and not 
be broken into by the normal molecules. 

244. The System Phenol-Water. — If phenol is mixed with water, 
two liquids are produced, one a solution of phenol in water, and the 
oilier a solution of water in phenol. These two form separate layers. 
Now at any given temperature the composition of these layers is fixed. 
On warming, the amount of water in the phenol phase increases, and the 
amount of phenol in the water phase increases, until at a certain tem- 
perature the composition of both layers becomes the same. Then, of 
course, there will be complete miscibility; there will be no separation of 
the liquid into two layers. The system was studied by Rothmund in 
1898, and the following data are due to him. They are plotted in the 
curve shown in Eg. 145. 
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Table LXV1I. — The Sststem Phenol-Watee (Rotlmmml) 


Temperature, C C. 

Wt. per cent, phenol in 
aqueous phase 

Wt, per cent, phenol in 
phenol phase . 


% Phenol 


Fig, 145, — Solubility of Phenol in Water and of Water in Phenol 


The- temperature at which the two phases disappear and one takes 
their place is called the critical solution temperature , and sometimes the 
consolute temperature , Since it is possible in some systems (§ 247) to have 
a lower temperature of a similar nature, it is also frequently called the 
upper critical solution temperature. 

The solubility curve drawn in Pig. 145 is parabolic in shape (approxi- 
mately), but no general formula has been derived by means of which 
this curve can be represented to cover all cases. Its shape, and the 
nature of the phenomenon with which it has to deal, recall the method 
of Cailletet and Mathias for determining critical volume (§ 161), At any 
definite temperature, the compositions of the two layers will bo repre- 
sented op opposite branches of the parabola. The line joining them, 
e.g, } AB in Pig. 145, is called a tie-line , and the two solutions are said to 
be conjugate, . 

The critical solution temperature is affected very much by the 
presence of impurities, and may "be used as a criterion of purity. Per 
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phenol, the effect of the addition of small quantities of benzene, naph- 
thalene and pyridine is to raise the critical solution temperature. The 
criticism has been made that Rothmund’s value of the critical solution 
temperature of phenol is too high owing to the phenol used being not 
quite pure. According to Dolique ( Comptes rendus , 1932, 194, 289), the 
critical solution temperature of the purest phenol is 66*5 ± 0*1° C., and 
the concentration at this temperature is 34*0 per cent. 

245. The System Triethylamine-Water. — Here the reverse 
behaviour is encountered. Below 18*5° C. the two liquids are completely 
miscible, but above it they form two distinct layers. This system was 
studied by Rothmund, whose figures are given below, and are plotted 
in Fig. 146. Nearly all the substances which show this behaviour with 
water are amines, and they are not easy to obtain in a state of purity. 
As impurities have a considerable effect on the critical solution tempera- 
ture (§ 244), it is a difficult matter to obtain accurate results in this work. 


Table LXVIIL— The System Triethylamine-Water 


Temperature, °C. ... 70 50 30 25 2i 

Wt, per cent, amine in aqueous phase 1*6 2*9 5*6 7*3 15' 

Wi. per cent, amine in amine phase — — 96 95*5 75 


% Trtethy famine 

Fig. 146. — Solubility of Triefchylamine in Water, and of Wat^r in 
Triethylaimne. 



246. The System Nicotine-Water.— In this case we have a closed 
solubility curve. There are two critical solution temperatures— an 
upper and a lower. The figures obtained by Hudson (1903), and 
confirmed by Tsakalotos (1909) are given below, together with the graph. 

Table LXIX. — The System Nicotine-Water 


Per cent . nicotine by wt. 

6*8 

7*8 

10-0 

14-8 

32 > 2 

49-0 

6 S -8 

80-2 

82-0 

Lower Temperature, °C. 

94 

89 

75 

m 

61 

64 

72 

87 

129 

Upper Temperature, °C. 

95 "' 

155 

! ~~ i 

I:".' 

200 

i; : 2I0 

■205 

190 | 

170 ; 

130 


200 . 


SCO 


o , % Nicotine too 

Fig. 147.-— -Solubility of Nicotine in Water and of Water in Nicotine. 

It was found by Tsakalotos that the composition for the two critical 
points {60*8° 0. and 208° C.) is the same. Between these temperatures 
two layers are obtained, but outside them there is complete miscibility. 

It is interesting to note the effect of pressure on this, system. Applica- 
tion of pressure raises the lower, and decreases the higher critical 
solution temperature, so that the area of the closed ring gets smaller 
and smaller, until finally it becomes a point, and the liquids are com- 
pletely miscible over the whole range of temperature. 

247 . Experimental Methods of studying Mutual Solubility.— The 
simplest method is that used by Alexejew. Known amounts of the two 
liquids are introduced into tubes which are then sealed and placed in 
a water-bath, of which the temperature is gradually Increased. The 
temperature at which the two layers disappear m the tubes is noted. 
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The tubes must be shaken frequently during the experiment. In this 
way a series of points on the mutual solubility curve is obtained. 

Another method is to take amounts of the liquids and shake them 
together in a tube placed in a thermostat. When equilibrium has been 
attained, known volumes of each layer are analysed. This method is - ‘ 
not easily carried out, as in some cases the analysis is difficult. 

A thermostatic method devised by Hill ( 1923) is of interest. Different 
amounts of the two components are weighed into each of two vessels, 
and the volumes produced after equilibrium has been reached at a fixed 
temperature are measured. Graduated cylinders may be used for this 
purpose. Let m 1 and m 2 be the weights of the first -component used in 
the two experiments, and c its concentration in grams per e.c. at 
equilibrium in the upper phase, and d its concentration in the lower 
phase. If the volumes of the upper phase are v and v x and of the lower 
w and w l9 

cv -]- dw = m. 
dw 1 = m v 

If these equations are solved for c and <£, the concentration of the first 
component in each phase is determined. Similar equations are used for 
the second component. Adding the amount of each component present 
in a given phase, we have the weight per c.c., or the density, and the 
percentage composition by weight is obtained. 

248. The Vapour Pressures o! Solutions of Liquids in Liquids.— It 

is necessary to deal separately with the three types of solution: (a) com- 
ponents completely miscible, e.g. s alcohol and water; (b) components 
partially miscible, e.g., ether and water; (c) components practically 
i mmi scible, e.g., nitrobenzene and water. The liquids are not absolutely 
immiscible, but there are always two liquid phases over ordinary 
concentration ranges. - * 

249. Components Completely Miscible— Applying the Phase Rule 
to this case, we have two components and two phases, so that the 
system is bivariant. This means that if the temperature is fixed the 
other remaining degrees of freedom, i.e. 9 pressure and composition, must 
vary together. Thus a mixture of any given composition will have a 
fixed and definite vapour pressure at a given temperature. 

"If the vapour pressure of a liquid mixture is plotted against the - 
composition, the curve obtained will be one of three types which are 
shown in Pig. 148. 

(a) In the first case the vapour pressure curve is a straight line. The 
two dotted lines represent the partial pressures of the components. 
These are both straight lines and indicate that both components are 
ideal liquids, obeying Raoult’s Vapour Pressure Law (§ 27 6), which states 
that the relative loweifcg of the vapour pressure of a solution is equal to 
the ratio of the number of molecules of solute and of solvent in the 
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solution. Such liquids are those drawn from the normal class, and which 
do not form compounds with each other, or cause polymerisation or 
dissociation. 

Examples would be mixtures of benzene and toluene, and benzene 
and hexane. The total vapour pressure of the liquid will be the sum of 
the partial pressures of the separate vapours and is given by the line 
ED. 

Consider a liquid mixture of some definite composition. The vapour 
from such a mixture will contain each constituent in the proportion of 
its partial pressure. Therefore the proportion of more volatile con- 
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Fig. 148. — Types of Vapour Pressure-Composition Curves for Completely 
Miscible Liquids. 
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stituent will be greater in the vapour than it is in liquid with which 
it is in equilibrium. Suppose the vapour is removed and condensed in a 
separate vessel; the condensate will contain a greater proportion of the 
more volatile component than did the original liquid. The residual 
liquid will contain a greater fraction of the less volatile component - 
than did the original liquid. This process of distillation (Le. } vapourisa- 
tion and condensation) can be repeated; it enables a separation of the 
two components to be effected, and this is what happens in fractional 
distillation. This process, however, mil be fully dealt with in the next 
section. 

If the lines CD and EF were slightly curved, they would give when 
added a total vapour pressure curve which did not possess any definite 
maximum or minimum, and the same considerations would apply. 

(b) In the second case the total vapour pressure curve exhibits a 
minimum, and this can be made up of two partial pressure curves 
which are concave upwards, or one straight line and one concave curve. 
The composition of the mixture with minimum vapour pressure is 
defined by the point 0 in the Fig. 148 (6). Tins mixture has the 
maximum boiling point: all other mixtures of A and B have lower 
boiling points. Further at the point 0 the vapour and liquid in equili- 
brium have the same composition and hence the composition of the 
mixture O is not changed by distilling it. 

Examples of this behaviour are furnished by the common acids. Sul- 
phuric acid and water form a constant boiling mixture, boiling at 
338° C., and containing 98*7 per cent, of the acid. Hydrochloric acid 
forms a constant boiling mixture distilling at 110° C. and containing 
20*24 per cent, of the acid (§ 232). 

(c) Here the mixture gives a maximum in the total vapour pressure 
curve. The mixture which has the maximum vapour pressure will 
obviously boil at a lower temperature than any other mixture. Alcohol 
and water and pyridine and water are examples of systems with this 
type of behaviour. As will be shown in the next section systems which 
involve maximum or minimum vapour pressure mixtures cannot be 
separated into their components by distillation. 

250* Distillation. — It has already be^i stated that only one type of 
completely miscible mixture can be^eparated into its components by ^ 
fractional distillation, and this is the type which gives a vapour 
pressure curve possessing neither a maximum nor a minimum. It is not, 
however, the vapour pressure-composition curve that is of so much 
interest for our present purpose, but the temperature-composition 
curve. This will, of course, be dependent upon the vapour pressure 
curve, but will not have the same form. If we plot the boiling point of a 
liquid mixture of this type against its composition we have a graph 
of the form XDY in Fig. 149. 

The composition of the vapour in equilibrium with the liquid at the 
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boiling point is not the same as the composition of the liquid. It will 
contain more of the more volatile component. The curve XGY represents 
the variation with temperature of composition of the vapour in 
equilibrium with liquid. 

Suppose we take a liquid containing about 60 per cent. A (point E 
on Fig. 149), and heat it until it boils at a temperature F. The com- 
position of the vapour in equilibrium with the liquid at this temperature 
is the point Gc on FD, where it cuts the vapour curve. On cooling this 
vapour, the composition of the distillate is H, which is obviously richer 
in R than the original liquid, since B is the more volatile liquid, having 
a lower boiling point. If the process is repeated, the temperature at 
which the distillate boils is J, and the vapour in equilibrium, with' it has 
a composition L, very closely pure B. In this way a mixture of A and B 
can be separated into its components. 


Composition 


Bsoo 

Fig. 149. — Temperature* Composition or Boiling-point Curves, 

We will now consider the distillation of a mixture which has a vapour 
pressure curve with a minimum. The temperature composition curve 
of this mixture is Fig, 150(a). At the point M (corresponding to 0, 
Fig. 148(5) ) the mixture has a maximum boiling point and the liquid 
and vapour in equilibrium have the same composition. Hence if a 
mixture of composition M is vapourised and then condensed, the distillate 
will have the same' composition as the original liquid, A mixture which 
distils without changing its composition is calleSmn azeotropic mixture. 

The vapour from a mixture of composition C (a point on the curve 
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between M and 100 per cent B) will have its composition defined by 
the corresponding point D on the vapour curve. Comparing the vapour 
with the liquid it can be seen that the vapour contains more of th e more 
volatile component B than the liquid. This means that the distillate 
from the liquid is enriched in B while the residue will be enriched in A. 
The boiling point of the mixture rises. As the process is continued the 
residue will gradually approach the composition M. By t akin g fractions 
from the mixture and by a series of redistillations we can eventually 
obtain a distillate of pure B and a residue of the azeotropic mixture M, 
Further distillation of this latter will not enable us to obtain a separation 
into A and B as the mixture M distils without change in composition. 
Thus we can by a series of distillations separate the mixture into B and 
the azeotropic mixture. In a similar manner we can separate a mixture 
of composition E in (Eig. 150(a) ) into A and the azeotropic mixture. 
We can therefore conclude that systems which involve boiling-point 
curves of the type in Fig. 150 (a) can be separated by distillation into 
the azeotropie*mixture and the component which is in excess in the 
original mixture of that required by the azeotropic mixture. 

The temperature-composition curves of systems which involve a 
maximum vapour pressure are shown in Fig. 150 (6). In this curve 
there is an azeotropic mixture defined by the composition M. This 
mixture has a boiling point lower than any other mixture of the 
components A and B. If a mixture of composition C (which can be any 
point between M and 100 per cent. B) is distilled then the vapour will 
contain more of A than did the original mixture. The residue will be 
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, Mo! fraction of A in liquid 

(c) Equilibrium curve for system wi^h minimum 
boiling-point azeotropic 
Fig. 151. 


enriched in B. If we take fractions from the mixture and redistil these 
we will eventually obtain a distillate of composition M and a residue 
of pure B. In the same way distillation of a mixture of composition 
D will lead to an eventual residue of pure A and a distillate of the 
azeotropic mixture. 

The behaviour of azeotropic mixtures may be easier to understand 
if we (in curve (a) Fig. 150) drop a perpendicular from M to G. We can 
see that the temperature composition diagram has been divided into 
two portions: the first is 100 per cent. B to G; the second from, G to 
100 per cent. A. Each section of the curve is analogous to a normal 
temperature composition curve (Fig. 149). We can therefore regard one 
section as a normal curve for a mixture of two components; one is B» 
the other the azeotropic mixture; the second section is a curve of the 
azeotropic mixture and A. So a liquid mixture falling on the .first 
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section of the curve can be separated into B and the azeotropic mixture; 
a mixture falling into the second portion of the curve can be separated 
into A and the azeotropic mixture. The curve in Fig. 150 (b) can be 
treated in a similar fashion. 

Distillation phenonoma may also be studied by plotting the mol 
fraction (§ 268) of one component in the liquid phase (x) against the 
mol fraction of that component in the vapour phase (y) in equilibrium. 
A curve of this type may take up three general shapes as shown in 
Fig. 151 (a), (b), (c). Curve (a) is the normal curve; (6) the curve 
for the system with a high boiling azeotropic mixture and (c) a low 
boiling azeotropic mixture. In each graph the curve x = y (which is the 
diagonal) is included. The point at which the equilibrium curve crosses 
the diagonal in curves (b) and ( c ) defines the composition of the 
azeotropic mixture. The process of distillation can be followed from 
the diagrams. Consider a mixture involving the normal type curve. 
Assume the mol fraction of one component (say A, the more volatile 
component) in fhe liquid is x ± ; then the mol fraction of A in the vapour 
is y v Condensing this vapour gives us a liquid in which the mol fraction 
of A is the same as it is in the vapour. That is it equals y v Hence we 
get this liquid composition from the diagonal in the graph and it is x % . 
Vapourisation of this mixture gives a vapour with the mole fraction of 
A = y 2 . Condensation of the vapour gives a liquid with mol fraction of 
A = x z . The lines x x to y l5 and x 2 to y % represent vapourisations: the 
lines y 1 to x z and y 2 to x z are condensations. The steps x 1 y 1 x 2 and 
x 2 y 2 x z are separate distillations. It can be seen that if we distil liquid 
of composition %, take the fraction obtained from this liquid, condense 
it, and then repeat the process until we have carried out five distillations 
we will obtain a liquid of composition # 4 . We can see that the mol 
fraction of A in the original liquid was -I and in the final distillate it is *95. 
Thus we can by successive distillations obtain a nearly pure sample of 
A from a mixture which originally contained a very small amount of A. 
Similar arguments may be applied to the curves (6) and (c) (Fig. 151). 

251. Fractionating Columns. The separation of two components 
by collecting fractions from a simple distillation and then by redistil- 
lating these fractions is tedious. It can be simplified by the use of a 
fractionating column. 

in industrial operations fractionation is carried out in rectifying 
towers or columns. Two types of column are used, packed columns and 
plate columns. In the former type of column intimate mixing of the 
vapour and liquid is achieved by packing the column with material 
such as coke, stone, glass, metal and many other types of substance. 
The packing is in a finely divided state and may have special shapes, 
e.g., it may be in the form of spheres, rings or helices. The working 
of the column depends: on the fact that in the column vapour is rising 
up while condensed liquid is descending. The effect of the liquid and 
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vapour intermingling is that the liquid tends to condense the less 
volatile constituent of the vapour; while the vapour tends to volatalise 
the more volatile component of the liquid. Thus, the vapour as it rises 
tends to contain more and more of the more volatile component: the 
liquid as it descends tends to contain more and more of the less 
volatile component. The result is that a column can separate two 
components very effectively. 

Packed towers have the disadvantages that they are difficult to 
clean* Further, the packing is liable to channeling, which prevents the 
vapour from mixing efficiently with the liquid. The advantages of 
packed towers are that they are easily constructed, and for' small 
scale work are more economical than plate columns. Packed columns 
are used in most laboratory work and can be constructed to give high 
efficiency. The columns originally used in laboratory work depended 
on the use of series of constrictions such as pear-shaped bulbs to 
impede the process of the reflux back to the still, and hence to effect a 
mixing of vapour and liquid. The disadvantage of such columns is 
that there is no control on reflux (see below). 

For large scale work the plate column is generally used. The principle 
of this is the same as the packed column. In this type of column the 
mixing of liquid and vapour is carried out on metal plates. The con- 
struction of the bubble-cap plate is shown in Fig. 152. On each plate 
there is a layer of liquid. Liquid flows down from one plate to the next 
by a series of overflow pipes. The vapour rises through bubble-caps 
in the plates. The upward movement of the vapour through the caps 
prevents the liquid descending through them. The actual design of a 
bubble-cap is shown in Fig. 153. Plates can also be constructed with 
perforations in them instead of bubble-caps. 

A column (see Fig. 154) is heated by a coil at the bottom. At the 
top of the column there is a condenser B. The liquid after condensation 
is collected in a collector C; it can be then withdrawn from the system 
through D or returned through E. The ratio of material returned to 
material withdrawn is called the reflux ratio. The greater the reflux 
ratio the greater the efficiency of fractionation by the column, but the 
throughput of the column is decreased. This return of material to the 
column permits the control of reflux in the column. Material can also 
be withdrawn from the bottom of the column and cuts or fractions can 
be collected at various heights. Modem practice is usually to collect 
only the top or bottom product of the column. 

Columns can be designed to work on a continuous or on a batch basis. 
In batch distillation a definite amount of material is placed in the still 
portion of the column and then boiled up. No further material is 
supplied until the distillation of the original material is complete. In a 
continuous column the material* is fed to the column during the actual 
distillation process. The feed is through a pipe into the ride of the 

• - 
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column; the siting of the feed pipe in the column will depend on the 
distillation being carried out. 

As an example of a distillation operation the preparation of absolute 
alcohol from a wash will be described. Wash contains about 7 per cent, 
alcohol. This can be fractionated to obtain the azeotropic mixture of 
alcohol and water, which contains about 96 per cent, alcohol. In order 
to obtain pure alcohol it is necessary to add a third substance to the 
mixture during the distillation. This third substance is called an 
entrainer. Benzene is an example of an entrainer used in alcohol 
production. Benzene, alcohol, and water form a ternary azeotropic 
mixture which boils at 65° 0. Sufficient benzene is added to use all the 
water present in forming the ternary mixture. This is distilled off 
through the top of the column (see Fig. 155). Any benzene in excess 
of that required to form the ternary mixture with the water present 
will form a binary azeotropic mixture with alcohol. The binary has a 
higher boiling point (68*2° C.) than the ternary and hence the binary 
will be below the ternary in the distillation tower. Pure alcohol has a 
higher boiling point (78° C.) than the binary and hence will go to the 
bottom of the column and is drawn off there. The alcohol and benzene 
which distil off with the water can be recovered from the water and 
can then be returned to the column. The process requires in practice a 
complicated plant which involves four columns. 

252. Vapour Pressure Curves o! Partially Miscible Liquiis,— A 
mixture of ether and water may be taken as an example. The curve is 
shown in Fig. 152. 

When ether is added to water it first of all dissolves. If a small 
quantity of ether is added to water a true solution is formed, and the 
total vapour pressure of the mixture increases 
D as shown by the line AB. But, as more ether 

f ^ is added, the water becomes saturated, and a 

a new phase is 


/ layer of ether is formed, i.e. 

I / produced. Now, according to the Phase Rule, 

| - A ^ * the system must become univariant, for wo 

% have three phases (ether in water, water in 

I D ‘ ether, vapour) and two components (ether and 

water). Thh means that the vapour pressure 

o HjO remain constant whilst the composition 

* varies. This is the line BC in the curve. At a 

Composit?oa P oin * °» sufficient ether will have been added 
Curve for a Mixture to dissolve all the water, and there is now a 

of Partially Miscible saturated solution of water in ether. From 

mponents. this point the vapour pressure will rise to that 

of pure ether at D. Ixi -other systems the curve may fall as in the lower 
curve A 1 B 1 C 1 D 1 . * 

253. Vapour Pressure of a Mixture of Immiscible Liquids. — It is 
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obvious that here we have three phases throughout the whole range of 
compositions,- and two components. Hence, according to the Phase 
Buie, the system is univariant, and vapour pressure is constant for all 
compositions. The vapour pressure curve is therefore a straight line 
parallel to the composition axis. The curve is really the same as that 
just considered (Fig. 157), except that the 
sloping portions have become very short. 

The vapour pressure AB will be the sum of 
the partial pressures of the two components. 

Thus, at a temperature of 80° 0., the vapour 
pressure of water is 356 mm., whilst that of 
bromobenzene is 66 ram. The vapour pressure 
of a mixture of these two would therefore bo 
422 mm. at 80° C. 

254*. Steam Distillation. — This property of 
a mixture of immiscible liquids is made use 
of in the process of steam distillation, the 
object of which is to separate organic sub- 
stances from# undesirable impurities which 
would be difficult to remove in other ways, or 
to distil an organic body without submitting it to too great a tempera- 
ture or resorting to vacuum distillation. 

The apparatus is illustrated in Fig. 158. It consists of a boiler A, the 
steam generated therein being passed into the large flask B containing 
the mixture to be separated. This is connected by an outlet tube to a 
Liebig's condenser in the usual way. Finally, to obtain the pure product 
it must be separated in a separating funnel from the water which also 
comes over, and then dried and redistilled. 

The amounts of water and substance which distil over can readily be 
calculated. Suppose that, at the boiling point of the liquid, the vapour 
pressures of the two components are p x and p 2 . The volumes of vapour 
produced will be proportional to these pressures. The densities of the 
vapours are proportional to their molecular weights, sc* the ratio of 

weights of the substances distilling is M 1 and M % being the 

Af 2 £? 2 

molecular weights of the liquids. * ** 

This is best illustrated by a numerical example. A mixture of nitro- 
benzene and water boils at 99° C. The molecular weight of nitrobenzene 
is 123, and the vapour pressure of water at 99° C. is 733 mm. Hence, 
assuming that the pressure of the atmosphere is normal, viz., 760 mm,, 
the vapour pressure of the nitrobenzene must be 27 mm. The ratio by 
weight in which the two liquids distil is . 

s Nitrobenzene 123 x 27 1 

Water ^ 18 X 733 ^ 
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Fig. 158. — Apparatus for Steam Distillation. 

It is obvious that water is a good liquid to use in this connection, 
because it has a low molecular weight. 

The reverse calculation is sometimes used for finding the molecular 
weight of a liquid which is not miscible with water. Thus, a mixture of 
bromobenzene and water distils at 95*2° C., at which the respective 
vapour pressures are 119 and 641 mm. The ratio by weight in which the 
liquids distil is bromobenzene: water = 1*62 : 1. If M is the molecular 
weight of the bromobenzene, 

Bromobenzene ___ 1*62 ___ M X 119 
~ — 


Water 


Hence, M = 157*1. 


E* SOLUTIONS OF SOLIDS IN LIQUIDS 

255. General.— It is not possible to say with any certainty why a 
solid dissolves in a liquid. It is clear that the solubility or insolubility 
is not directly connected with the solute only, but that it is deter- 
minded by both solute and solvent; for many substances which are 
insoluble in water will dissolve in other solvents, and vice versa . The 
regular decrease in solubility with increase in atomic weight or atomic 
number in a family of elements, e.g., calcium, strontium, barium and 
radium sulphates in water, indicates that solubility is connected with 
atomic number, and therefore with the number of extra-nuclear electrons 
in the metal atom, and*the resultant electric field of the atom and rnole- 
cule* There can be no doubt that solution depends upon the weakening 
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of the electrical forces which ordinarily preserve the shape of the crystal 
lattice. As mentioned, in § 131, Tammann has shown that a crystal does 
not immediately break down on dissolution into molecules, but remains 
in “lattice blocks” of ultramicroscopic dimensions. These ultimately 
• break up into molecules. The electrical properties of the solvent, then, 
must be such as to weaken these electrical crystal forces which are due 
to the electrical fields of the molecules themselves. The solution to the 
problem of why some substances dissolve in a certain solvent and others 
do not is to be found in a study of the electrical properties of both 
solute and solvent, but our present knowledge is insufficient to enable us 
to give any definite answer. 

The simplest external electrical property which can be measured, and 
can give any indication of the internal electrical field of a molecule, is 
the dielectric constant, and as far back as 1906 Walden suggested that 
the molecular solubility of a solute was related to the dielectric constant 
(e) by the expression 


where AT is a constant and Sis the molecular solubility of the solute 
expressed as a percentage, and given by the equation 

q ___ 100ft 

~~ n+ N' 

n and N being the numbers of gram-molecules of solute and solvent 
respectively in the solution. 

According to this equation, liquids which have the higher dielectric 
constants should be the better solvents, and this is borne out in practice, 
as shown by the following data. 


Table LXX. — Solubility of Potassium Iodide in various 
Solvents (Walden) 


Solvent. 

Formula, 

% 

A., w— - * — 

e. 

Solubility*. gms./lOO gms. 
solvent. 

25° C. 

Water , , 

h 2 o 

WW 

59-54 

Methyl alcohol 

CHjOH 

354 

14-97 

Acetonitrile . 

cii 3 cn 

364 

2-00 

Ethyl alcohol 

c 2 h 5 oh 

26-8 

1-92 


Howe^r, numerous exceptions have since been discovered, and the 
Walden expression is no longer considered correct, but there is no 
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doubt that dielectric constant, though not the only factor deciding 
solubility, must rank among the most important of these. 

In dealing with organic bodies, it is frequently found that the sub- 
stitution of one group or atom by another converts the substance from 
a soluble into an insoluble compound, and vice versa . Thus, benzene is 
insoluble in water, but when one hydrogen atom is replaced by hydroxyl, 
the phenol produced is fairly soluble. The increased solubility is no 
doubt due to the affinity of the phenolic — OH group for water. 

It is interesting to note that whilst organic substances containing 
hydroxyl are nearly all soluble in water, inorganic hydroxides are nearly 
all insoluble. 

256. Determination of Solubility.-— The solubility of a substance is 
the maximum weight of it which will dissolve in 100 gms. of the solvent at a 
given temperature . 

— To determine this it is necessary to prepare a 

# saturated solution of the solute and then analyse 


It is easy to devise a suitable method where 
A accuracy is not important. A saturated solution is 
prepared by shaking an excess of the solute with 
the solvent in a flask placed in a thermostat 
regulated to the required temperature. When the 

[ solution is saturated, some of it is removed by 
- means of a pipette, provided with a plug of 
cotton wool or glass wool, to prevent any solid 
from being withdrawn. The solution withdrawn 
is placed in a dish of known weight and then 
weighed again. The solution is then evaporated 
to dryness and re-weighed. The difference 
between the weight of the dish alone and that of 
the dish and solid gives the weight of solute in 
the solution. The difference between the weight 
of the dish alone and that of the dish and solution 
gives the weight of the solution. The weight of 
solvent is the difference between the weight of 
solution and that of the solute. From these 
C figures the solubility can be calculated. 

It is clear that a number of errors are possible 
'l§24' with this simple method. In the first place, the 
/|f f|| withdrawal involves a cooling, and some solid 

kWff- will be deposited in the pipette and may not be 
, i transferred to the dish. To overcome this, the 
-Apparatus jppette may be warmed in the thermostat before 
>rm ining Also, the evaporation of a liquid to dryness 
is a highly undesirable operation to introduce 
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Into quantitative work, as it is so easy to lose liquid by spirting. 
This can be obviated by making use of some chemical method of analysis, 
where available* 

An apparatus which has been used to determine the solubility 
* of solids to a high degree of accuracy is shown in Fig. 159* 

The apparatus is due to A. N. Campbell (J. G. 1930, 179), and 
consists of two I-oz. wide-mouth reagent bottles, A and B, provided 
with corks and arranged as shown. The mouth of A is ground. Glass 
tubes pass through the corks, D being a tube of about 3 mm. diameter, 
constricted at the upper end, and packed with glass wool, and C is a 
piece of quill tubing drawn out to a capillary and bent to an S shape, not, 
however, sealed off. 

The bottle B is charged with solid and solvent, and fixed in the 
position shown in the diagram on the horizontal paddle of a thermostat 
stirrer. When dissolution is complete, the apparatus is inverted in the 
thermostat, and the solution filters through the plug, air coming into 
the top vessel* then B, through the capillary C. The liquid entering C at 
first is pure solvent, which will dilute the saturated solut ion when expelled 
by the air prestore from below, so it is advisable to have the tube as fine 
as possible. The very small amount of solvent contained by it will then be 
negligible, but in any case it will have a chance of becoming saturated be- 
fore passing into the lower bottle, then A. The S bend in the tube prevents 
the admission of solid into A. When the solution has passed through, the 
apparatus is removed from the thermostat, and the weighed bottle A 
do sed with a ground glass plate. The solution can then be analysed. 

Where high temperatures are to be used, it is advisable to wire down 
the codes, as they may be forced out by the pressure. 

For the determination of the solubility of sparingly soluble salts 
several methods are available. Most of these are fully dealt with in 
other sections. They can be summarised as: — 

I. .Electrical methods, (a) Determination of the solubility product 
by the E.M.F. method (see § 340 ), (5) Determination of conductivity of 
the solution (see § 298). 

II. Colorimetric method. This depends on comparing the depth of 
colour of a solution with that of some standard solution* For example 
to determine the solubility of lead sulphate, a quantity of it is shaken up 
with water, the solution fitered, and then hydrogen sulphide is passed 
through it to form lead sulphide. This is brown in colour; it will not be 
formed in sufficient quantity to give a definite precipitate, but the 
solution will be coloured brown through the presence of colloidal lead 
sulphide. The colour of this solution is compared with that obtained by 
passing hydrogen sulphide through a solution of lead acetate containing 
a very small, but known, lead ion concentration. The standard solution 
is progressively diluted, until thp correct colour fe reached, when the lead 
ion concentration in the unknown solution is obtained. 



associated with a given weight of the salt is known, and the amount of 
substance present can be calculated. The method is very sensitive, 
and has afforded good results, particularly in the determination of the 
solubility of lead and barium salts (see also § 54). 

A satisfactory method for the rough determination of the solubility 
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HI, Radioactive method. The method of radioactive indicators 
devised by Hevesy and Paneth finds some application in the deter- 
mination of the solubility of sparingly soluble salts. A solution of a 
soluble salt of the metal of which the sparingly soluble substance is a 
salt is prepared, and a small known quantity of a radioactive substance 
is added. The sparingly soluble salt is then precipitated by the addition 
of the proper reagent, and it brings down with it the radioactive 
substance. It is filtered off, dried and weighed. A portion is then mixed 
with water in an ordinary solubility apparatus, such as that described 
above, and a saturated solution is prepared. A known volume of the 
solution is removed and evaporated to dryness, and the activity of the 
residue is determined by means of an electroscope or Geiger counter. 
The activity is proportional to the amount of salt present, and, since a 
known amount of indicator was added to start with, the activity 
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of a sparingly soluble salt in the laboratory is to fake a known weight 
of the salt and agitate it with one litre of water for some time at the 
temperature required. Filter off through a quantitative paper, and 
weigh the residue after drying. The difference in weight gives the 
amount dissolved by one litre of water. 

257. The Solubility Curve and its Characteristics.— The solubility 
curve is the curve drawn between solubility and temperature. It may 
take a number of different forms. They may be considered in two 
sections: first, those which are continuous and, secondly, those which 
are discontinuous. 

L Continuous Solubility Curves . — A number of these are shown in 
Fig. 100. 

As a rule, solubility increases considerably with the temperature. 
This is shown in the curves for lead nitrate and potassium chlorate. 
Common salt is an exceptional case, the solubility increasing very little 
with temperature. A few substances are known, chiefly the calcium 
salts of organic acids, of which the solubility decreases with increase 
in temperature. Examples are calcium acetate and calcium butyrate. 
Calcium sulphate has a peculiar solubility curve. Whilst continuous 
it shows a maximum, so that up to a certain temperature the solubility 
increases with temperature, and above that it decreases again. 

The effect of temperature on the solubility of a substance which 
undergoes no chemical change with temperature can be predicted from 
a knowledge of its heat of solution. The heat of solution of most salts is 
positive, t.e., heat is absorbed when the substance goes into solution. 
According to Le Ohatelier’s principle" (§ 149), if the temperature of a 
saturated solution containing some of the solid salt is increased, a 
change will take place in the equilibrium to annul the effect of the 
increase in temperature, i.e., that change will take place which absorbs 
heat, Now the process that absorbs heat is the dissolution of the solid 
salt, and so more dissolves. If the heat of solution is negative, as it is in 
the case of many calcium salts of the fatty acids, then the reverse 
process will take place, for the dissolution of salt now involves absorp- 
tion of heat. 

On the basis of thermodynamics, it has been shown that the heat of 
solution and the solubilities of a substance at two given temperature** 
are connected by the equation 

, ®i __ - Ail / 1 I \ ■/ V: 

Qge So R \T 1 TJ 

where T c and T x are the temperatures, on the absolute scale, s 0 and s t 
are the solubilities at these temperatures, R is the gas constant, and A H 
the heat of solution. This equation, it will be noted, is exactly similar 
to that ggtven by Arrhenius for -yhe effect of temperature on the rate of a 
reaction (§ 201). 
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This equation can readily be tested if the necessary data are given. 
Thus, at 0° C., the solubility of succinic acid in water is 2-88, whilst at 
8-5° C. it is 4-22. Taking B as 2 gm.-cals. per degree, we have, sub- 
etituting in the above equation, 


AH — 6,863 gm.-cals. 

The observed value for the heat of solution of succinic acid is 6,700 
gm.-cals., agreeing very well with that calculated. 

II. Solubility Gurve Discontinuous . — The solubility curve may, 
however, not be continuous, but may show sudden changes of direction! 
Whenever this occurs, it indicates that the solid phase in contact with 
the saturated solution has altered its character in some way, and that 
we really have to deal with two distinct solubility curves, which meet 
at a point. The-temperature indicated by this point is that at which the 
transition from the one state to the other takes place. This alteration 

may be a polymorphic change or a change in hydration of the solid 
substance. 

As an example of the effect of a polymorphic change on the solubility 
curve we may take ammonium nitrate. Within the range 10° to 50° c!, 
this substance changes its crystalline form. Actually this is only one of 
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is considerably more common. One of the best examples is sodium 
sulphate (Fig. 161). If the solubility curve of sodium sulphate is 
plotted, it is found to have a very sharp break at 32*383° C., at atmos- 
pheric pressure. At this point there is an equilibrium in the solid state 
between the decahydrate, Na 2 S0 4 . I0H 2 Q, and the anhydrous salt, so 
that below this temperature the solubility curve is that of sodium 
sulphate decahydrate, and above it it is that of anhydrous sodium 
sulphate. The curve CB can be followed backwards a short .distance by 
Seeding the saturated solution with the heptahydrate, so that the metast- 
able portion BD is realised, and it is then possible to follow the solubility 
curve of the metastable heptahydrate DE. 

Consider the complete solubility curve of a substance like silver 
nitrate (Fig. 162). The solubility of this salt above 100° C. has been 
studied by Etard and by Tilden and Shenstone. The solubility increases 
with temperature, and there is a break in the solubility curve at 160° C., 
due to the formation of a new crystalline 

form. The ctrve continues until, for * gW 

100 per cent, silver nitrate, the tempera- / 

ture is the melting point of the salt, A j&o* 

viz., 208° C. This part of the curve, u X 

BOB, represents the equilibrium between * / 

salt, solution, and vapour. Now eon- | / 

elder the other branch of the curve. | / 

Water freezes under atmospheric pres- ® / 

sure at 0° C., but, if a small quantity of / 

silver nitrate is added to the water, its \ / 

freezing point is lowered, and the more V 8 

salt added the lower is the freezing composition «So 

point. At last, however, a point is ^ 0 

reached when the silver nitrate no Nitrate, 

longer dissolves, and is deposited along 

with the ice. At this temperature we have four phases, vapour, solution , 
salt, and ice, al in equilibrium, and the system is therefore non- variant, 
as there are two components. The point B is thus a quadruple point. It 
may be regarded as the point of intersection of the solubility curve and 
the freezing-point curve. It is*clear that this point B is the lowest 
temperature that can possibly figure on the solubility curve; it is the 
lowest temperature that can be attained with mixtures of two com- 
ponents in the presence of vapour. It is usually called the cryohydric 
point, or the eutectic point (§ 220). There is clearly no distinction 
between solutions of water in liquid silver nitrate and of silver nitrate 
in water, in the right-hand limb of the curve. 

For some time it was thought that the substance which was deposited 
at the raryohydxic point was \ definite chemical compound of the salt 
and wafer, and it was called a cryohydraie. Offer, however, showed that 
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although these substances appeared to be compounds, because they 
possessed a constant melting point, they were actually mixtures. This 
was indicated by the fact that the heat of solution of the cryohydrate 
was the sum of the heats of solution of the ice and salt, in the proportion 
in which they are contained in the so-called “compound”, and that ' 
similarly the specific volume of the cryohydrate was that calculated for 
a mixture. Also, the separate crystals of ice and salt can be distinctly 
seen, when the cryohydrate is examined under the microscope, parti- 
cularly when the salt is coloured, e.g., potassium permanganate. 

This has an important bearing on the preparation of freezing mixtures. 
Until the “cryohydrate” separates we are dealing with a univariant 
system, and hence, if the temperature is altered, the composition of the 
phase in equilibrium will vary. Similarly, if the composition is varied, 
the temperature must alter. If ice is added to the univariant system 
salt — solution — vapour, the temperature must fall and the ice melt, and 
if enough ice is added the eryohydric temperature will ultimately be 
reached, provided that solid salt is added as fast as it dissolves. Similarly, 
if salt is added to the system ice — solution — vapour, the concentration 
of the salt will increase, ice will melt, and the temperature will fall, and 
again this will take place until the eryohydric temperature is reached, 
when the four phases can be in equilibrium. 

In the preparation of freezing mixtures, both these methods can be 
used. In either case, there is an absorption of heat, and the temperature 
falls to the eryohydric point, which is the lowest temperature that can 
be attained. In practice, this temperature is very rarely reached owing 
to radiation, and absorption of heat by the solution formed. The latter 
can be counteracted by allowing the solution to drain off as soon as it is 
formed, and the former by increasing the rate of cooling, which can be 
brought about to a certain extent by rapid and intimate mixing of the 
components. Hence, it is better to use snow' than ice in preparing a 
freezing mixture. 

It is possible to have four phases present in a system of the type now 
under consideration, without ice being one of them. This is so where 
there is a change in the solid phase, as with sodium sulphate. Thus, at 
the point B in the solubility curve of sodium sulphate (Fig. 161), there 
are the phases anhydrous salt— hydrated salt — solution — vapour, and 
it 4s in fact a eutectic point, just as when one of the phases is ice. 
Where there is a possibility of the formation of a large number of 
hydrates before the salt melts, there are a number of these eutectic 
points in the solubility curve. This is well shown in the case of ferric 
chloride, the solubility curve of which is given in Fig. 163. 

The curve AB shows the effect of adding ferric chloride to ice. It is, 
in fact, the freezing point curve of ferric chloride solutions, and B is the 
eryohydric point, - C. If the solution is allowed to warm, and 
ferric chloride is added to keep the solution saturated, the curve BO is 



CRYOHYB'EIC POINT ■ 449 

followed. Tills is the solubility curve of the dodecahydrate. At 0 this 
compound melts completely, and addition of anhydrous ferric chloride 
results in the formation of the compound Fe 2 Cl 6 . 7H 2 0. The solubility 
curve falls until the point D is reached where, there are again four 
phases, the dodecahydrate, Fe 2 Cl 6 . 12H 2 0, existing in equilibrium with 
the heptahydrate, Fe 2 Cl 6 * 7H 2 0. This Is in reality, then, another 
eutectic point. If the solution is warmed, more ferric chloride will 
dissolve, and a similar curve is followed through E to F, the eutectic 
point for the hydrates Fe 2 Cl 6 . 7H 2 0 and Fe 2 Cl 6 , 5H 2 0. This goes on 
until finally the curve is the solubility curve of anhydrous ferric chloride, 
ending at the melting point of the pure salt. Points such as C, G, E and 
I are called congruent melting points. 


Solubility 

Fig. 163.— Solubility of Ferric Chloride Hydrates, 


The various parts of this, curve can be looked upon in a slightly 
different way. Starting from the point 0, the curve CB represents the 
effect of adding water to Fe 2 Cl 2 . 12H s O, and therefore involves a 
lowering of the freezing point, whilst the curve CD represents the 
addition of ferric chloride to it, which again must lower the freezing 
point, so the curve drops away on both sides of the point C. Similar 
explanations can he given for the other humps. 

It is clear that the number of these humps that can b© detected on 
the solubility curve indicates the number of hydrates which are capable 
of existing in the solid state, # and this therefore provides a valuable 
method # of investigating hydrates. It must be clearly understood, 
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however, that the solubility curve gives no evidence whatever as to the 
existence of hydrates in solution. 

The dotted lines in the curve of solubility of ferric chloride represent 
metastable states that have been realised experimentally by taking the 
necessary precautions. 

258. Supersaturation and Suspended Transformation. — The occur- 
rence of a point such as B in the solubility curve of sodium sulphate 
(Fig. 161), or D, F, H, or J in the solubility curve of ferric chloride 
(Fig. 163), depends upon the co-existence of four phases. Sometimes 
the fourth phase does not appear, and consequently the point is not 
obtained. Thus, it is possible to follow the dotted lines in the two 
solubility curves just mentioned, since the fourth phase is not always 
formed. On cooling a solution of sodium sulphate from above the 
transition temperature, say 32*6° 0., to room temperature, the hydrated 
form, Na 2 S0 4 . 10H 2 O, may not be produced at this temperature, so the 
solubility curve may be continued along the dotted line to D, and with 
great care even to F. It is thus possible to follow the solubility curve of a 
substance past the point at which it ceases to be the stable form. It is 
seen from the curves drawn that the solubility of the metastable form 
is greater than that of the stable form. This is analogous to the vapour 
pressures of stable and metastable states (§ 144). It is clear then that a 
solution of a metastable form must be more than saturated (super- 
saturated) with respect to the stable form. If the fourth phase is added 
to the solution in the form of a small crystal of the stable form, it follows 
that deposition of the stable form must take place until the concen- 
tration of the solution corresponds to the solubility of the stable form. 
It is therefore easy to bring about the deposition of the stable form from 
a solution containing the metastable form merely by adding a crystal 
of the phase required. 

A similar case to this is the failure of some saturated solutions to 
deposit© crystals when they are cooled beyond the point at which 
crystals would normally appear. This gives rise to supersaturated 
solutions. This behaviour is usually found with salts which crystallise 
with water of crystallisation. It is rarely found with anhydrous salts, 
though a good example of an anhydrous salt which easily forms a 
supersaturated solution is sodium chlorate. 

The crystallisation of a solution which is supersaturated is readily 
brought about by the addition of a small crystal of the solute, or by the 
addition of dust particles or other nuclei about which crystallisation can 
take place. It is therefore a difficult matter to preserve a supersaturated 
solution in air, unless only air which has been filtered from dust particles 
is allowed to come into contact with the solution. Deposition of crystals 
from a supersaturated solution can also be brought about by mechanical 
disturbance, such as shaidng, or rubbing the walls of the vessel with a 
glass rod (see also § 151). 
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259* Effect of Pressure on Solubility* — It is to be expected that 
solids which dissolve in a solvent with contraction of volume will show 
an increase in solubility when pressure is applied, and that, conversely, 
substances which dissolve with increase in volume will suffer a decrease 
of solubility if pressure is increased. This is a direct consequence of the 
principfertyfXe Chatelier (§ 149), and has been verified experimentally. 
Thus, when sodium chloride dissolves in water there is a contraction. 
At a pressure of 1 atmosphere the solubility at 18° C., expressed as the 
number of grams of salt in 100 gins, of solution, is 26*4. At a pressure 
of 500 atmospheres the solubility increases to 27*0. 

260. Effect of ' Particle Size on Solubility. — When preparing a 

solution, the solute is usually powdered in order to increase the rate of 
solution. It is obvious that if the solvent can be in contact with a 
greater surface it will be able to dissolve the solid more quickly. In 
addition to assisting the rate of solubility, the particle size also makes a 
difference to the actual solubility. A saturated solution of calcium 
sulphate at 1R° C. contains 2*085 gms. of the salt per* litre when the 
particles are of ordinary size, but this increases to 2*476 gms. when the 
particles are reduced to a diameter of 0*3 (1 p, = 1 micron = 0*0001 

cm.), about one-seventh of the ordinary size. The solubility of barium 
sulphate is almost doubled when the particle size is reduced from a 
diameter of 1*8 fi to 0*1 [i. This is clearly of importance in quantitative 
analysis. The more granular the precipitate the less will be lost in the 
washing processes. 

The reason for this change in solubility lies in the increase in surface 
forces when the particles are smaller. It is well known that the pressure 
inside a bubble is greater the smaller is the bubble. In fact, the pressure 
is given by 2 T/r, where T is the surface tension and r the radius of the 
bubble, supposed formed inside a liquid. Now it must be supposed that 
similar forces to surface tension act at the surface of a solid. There is a 
great deal of evidence for tins view based on adsorption, catalysis and 
other phenomena. If this is so, there must be a greater tendency for the 
smaller particle to expand, or to dissolve, since by that means it' can 
reduce this internal pressure. Hence, it will be more soluble than the 
larger particles. f .V; . 

In the measurement of the'E.M.F. of cells in winch the electrodes are 
covered with a fine powder, the increased solubility of finely powdered 
substances has frequently been noted. If a cell is made up of two 
calomel electrodes, the electrode covered with the more finely powdered 
salt becomes positive with respect to that covered with the coarse salt, 
owing to the difference in solubility (§ 338). 

Eeactions also proceed more rapidly when the reactants are finely 
powdered. This is probably due to increased surface forces. 

261. Distribution of a Solid between two Nag-miscible Solvents.— It 

has already been shown that in & system gas— liquid, the gas distributes 
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itself in a definite ratio between the liquid itself and the space above the 
liquid, the concentration of the gas In the space above the liquid, divided 
by that of the gas in the liquid, being a constant. This is Henry’s Law 
(§ 238). An identical law holds for the distribution of a solid or liquid 
between two liquids. When a liquid or solid distributes itself between 
two liquids, the ratio of the concentrations in the two liquid phases is 
constant, provided the substance dissolves in both solvents in the same 
form, i.e. $ provided that no chemical combination takes place between 
the solute and either of the solvents, and that no association or dissocia- 
tion takes place. Stated mathematically, 


where c is the concentration in one solvent and C that in the other. K is 
called the distribution coefficient, or partition coefficient. This is 
known as the Distribution Law (or sometimes the Partition Law) and is 
simply Henry’s Law applied to solid or liquid instead of gas. 

It is seldom found that the values of cjC are strictly constant through 
a series of determinations with different concentrations. The instances 
in which the ratio is reasonably constant over a considerable range which 
have been investigated include the distribution of hydrogen peroxide 
between water and some organic liquids, boric acid between amyl 
alcohol ami water, iodine between water and chloroform, bromine 
between water and bromoform, iodine between water and carbon 
disulphide, and phenol between water and amyl alcohol. It is not 
difficult to devise methods for analysing the phases in all these 
instances. 

As with Henry’s Law for gases, the Distribution Law does not hold 
where any change in the molecular condition of the 'distributed sub- 
stance occurs when it dissolves in either solvent. The difficulty with 
liquid systems is that the corrections frequently have to be made in 
both liquids. The principle to be used is that the Distribution Law 
holds for those molecular species which are identical in the two 
solvents. 

Consider first the instance where the substance dissolves without 
dissociation in liquid A, but dissociates in liquid JB . 

, Let C x be the concentration of undissociated molecules in A, C 2 the 
total concentration in B t determined by analysis, and a the degree of 
dissociation. Then, by the ordinary law, the concentration of undis- 
sociated molecules in B must be C 2 ( 1 - a). Only the undissociated 
molecules can be in equilibrium, as there are no dissociation products 
in A to be in equilibrium with those in B, 


If there is dissociation in both liquids to different extents, the problem 
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becomes more complicated. Thus, let a A be the degree of dissociation 
in liquid A, and a B the degree of dissociation in liquid B, Let the 
concentration of the substance as determined by analysis (i.e., total of 
undissociated and dissociated molecules) in liquid A be 0 A , and in 
liquid B, C7 B . Then, by the Law of Mass Action (§ 196), assuming the 
dissociation to take place into two components, we have 




Hence, 


Similarly, for liquid B 


Vk,* ■ 

20 . 


[«bCb1 2 

(1 - a B )£7 B 


*Kl 


1 - a B 


, - I{ 2 + VT? + 4 K 2 C b 

and a B = 5 — . . ( 2 ) 

m 

Now, by Nernst’s statement, the undissociated molecules in A will be in 
equilibrium with those in B. Hence, s 1 

% A j - ? ~ gA ? — K • ■ • ■ (3) 

C B (1 ~ a B ) 

Substituting for a A and a B from (1) and (2), we have 

_ VKj+Wfil , K, 


4Z 2 f? B 


2C a + K 1 -VK 1 * + 4K 1 C a v 


2C B + X a - VK t *+4K s C B 

We have two methods of testing this expression. Either we can work 
from equation(3) or from (5), according to the data at our disposal. If 
we know the degrees of dissociation we shall use equation (3). If*we 
know the equilibrium constants we shall use (5). 

Let us consider now the case of association in one phase and normal 
solution in the other. The reaction occurring may be represented as 

X ^ nX ^ (X) n . 

If we analyse the phase in which normal solution has occurred, we 
shall obtain the concentration of the simple* jpolecules in that phase 
(C7 1 ), bwt if we analyse the othSr phase we find not only the concentra- 
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tion of single molecules, but also that of associated molecules. We have 
to find from tins the concentration of single molecules only. Let the 
total concentration in this phase be C 2 . By applying the Law of Mass 
Action to the equilibrium in this phase, we find, if a is the degree of 
dissociation of associated .into simple molecules, 

-Mr'-i = = ” /A A(i - «). 

• 0 2\ I 

But C 2 a is the concentration of simple molecules in the second phase, 
and lienee the Distribution Law states 


whence we have the relationship 


. VC.il ~ a) 

We can thus determine the degree of association in a solution. The 
above calculations apply whether the dissociation is complex mole- 
cules into simpler ones (as supposed in the calculation), or if it is 
electrolytic.^ 

It is easy to work out the other cases where we have combinations 
of these already given. The results are given in tabular form below: — 

Phase I Phase II Relationship 


Normal 


Normal 


Normal . . Association K — tr y— ~ = 

VC 2 {1 — a) 

..... ... Oi(l - a) 

Dissociation . Association K = ^77======^ 

VU 2 ( 1 - a) 

" ' G 

Normal . . Dissociation K — 777— — -r. 

O 2 II “ a) 

It must be # remembered that in all these cases we have assumed that 
the Law of Mass Action (§ 196) holds, and that the 
species distributed is the simple molecule. 

• It is clear that the experimental study of the distri- 

bution of a substance between two liquids may prove 
instrumental in deciding whether it is associated or 
A dissociated in any particular solvent and to what extent 

-4f tills change has taken place. In the case of electrolytic 

_ 1 dissociation it is not so easy to use the method, since it 

A + B^ABj is unusual to find a strong electrolyte which will also 
Fiq 1 64 fiissol-swln a liquid which is not miscible with water. 

Distribution may also be used in the stxidjAof other 
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equilibria. Thus, the equilibrium constants of some reactions can be 
determined. Suppose we have a substance A, which will distribute itself 
between two solvents, and suppose that in the second solvent there is 
another substance,, say B, “with which A can form a compound AB. 
Suppose the upper layer contains z gins, of A. This is known by analysis. 
Let the bottom layer contain initially x gms. of A and y gms. of B. If 
the distribution coefficient is C s the bottom layer must contain Cz gms, 
of A, assuming the volume of both layers to be the same. Hence x — z 
- Cz g ins , of A must have combined to form AB. The weight of AB can 
thus be calculated, and the weight of free B deduced. This gives all the 
data required for calculating the equilibrium constant. 

The use of the method in the determination of the degree of hydrolysis 
of salts is described in § 328, in connection with the degree of hydrolysis 
of aniline hydrochloride. 

The reaction between iodine and potassium iodide in the formation 
of I 3 - ions has been studied by investigating the distribution of iodine 
between an organic solvent, such as chloroform, and an aqueous 
solution of potassium iodide. In a similar way, the existence of the 
Br 3 ~~ ion in aqjieous solution has been shown, and the hydrolysis of 
chlorine (H 2 0 4- Cl 2 ^ HC1 + HOC1) has also been studied. Dawson 
showed the existence of the compound CuS0 4 . 4NH 3 by investigating 
the distribution of ammonia between chloroform and aqueous solutions 
of copper sulphate. 

Although this method can be widely used, it must foe borne in mind 
that a knowledge of the equilibria occurring in each phase is necessary 
If trustworthy results are to be gained. 

262. The Process o! Extraction. — In organic chemistry, when it is 
necessary to separate a substance from a solution, recourse is frequently 
had to the process of extraction, in which the solution containing the, 
substance required is shaken up with some solvent in which the required 
substance is more soluble, and the solutions separated. This is an 
example of the application of distribution. 

It is frequently asked whether it is more economical to extract with 
all the solvent available in one operation, or to use it in several portions, 
separating each time. Thus, suppose we require to extract some 
succinic acid from aqueous solution with ether, and there is a given 
volume of ether at our disposal. Will it be more economical to use„all 
the ether at once, or to use it in a number of portions? 

This question can be answered by a simple calculation. Let IF c.c. of 
a solution, containing x Q gms. of substance, be extracted with A c.c, of a 
solvent. LgjUaq be the number of grams of unextracted substance. 
Then, the concentration of the substance in the extracting liquid will be 
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and in the original solution 


Hence, by the Distribution Law 


After a further extraction, with A c.c. of solvent, suppose that 
remain in the original solution. Then, 


4 • l KW+A °\KW + Aj 
After the nth extraction, the quantity unextracted will be 


If all the extracting liquid had been used at once, 


and thus it is more economical to use it in portions. A numerical 
example will make this quite clear. An add A is to be extracted from 
aqueous solution, in which it dissolves without dissociation, by means 
of ether. “Fifty grams of the acid are dissolved in 1 litre of water. The 
distribution coefficient of the acid between ether and water is 3. One 
litre of ether is to be used in the extraction. Compare the amounts of 
acid left in the aqueous solution, (a) after extraction with the whole of 
the ether at once, and (5) after extraction with five portions of 200 e.c. 

Case (a). Extraction with all ike dhUr at once . Let x be the concen- 
tration in grams per litre in the ether layer. Then, by the Distribution 


Hence, the amount left will be 12*5 gms. 

Ease (6), Extraction in five 'portions of 200 c.c. Let x be the concern 
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t, ration in grams per litre in the ether layer in the first extraction. This 
time there are only 200 e.e. of ether, and so the actual weight extracted 
will be ar/5 gms leaving the concentration in the aqueous layer 
(50 - xjb) gms, per litre. Hence, by the Distribution Law, 


The amount extracted is thus 18*75 gms., leaving unextraeted 


Let x x be the concentration in grams per litre in the ether layer in the 
second extraction. The weight extracted will be xJ5 gms., leaving in 

the aqueous layer 1-25 - —A gms. per litre. Hence, 


x x = 58*0 gins. 

The amount extracted is 11*7 gms., leaving unextracted 19 a £>5 gms. 

In the third extraction, if x % is the concentration in grams per litre 
in the ether layer, by similar reasoning to the above, 


x 2 — 36*6 gms. 

The amount extracted is 7*3 gms., leaving unextraeted 12*25 gms. 

By similar calculation, the amount extracted in the fourth extraction 
is 4*52 gins., leaving unextraeted 7*73 gms., and in the final extraction 
the amount extracted is 2*8 gms., leaving unextraeted, as a result of the 
whole series of operations, 4*93 gms. 

It is obvious from this calculation that it is considerably better to use 
the extracting solvent in small portions. 

Using the formula 

f KW 1* 

x% lkwT'lj * 

we have, - 50, K = 0*33, IF - 1,000, L « 200, n - 5. Hence, 

= 4*76 gra^. ■ ^ ■ .5 

This value differs slightly from that derived by taking all the steps 
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separately, because in the former, approximations have been used in 
certain stages of the calculation. 

In extraction from water, the greater the distribution coefficient, the 
more rapidly can the substance be extracted from the aqueous phase. 
It is frequently possible to increase the distribution^yoefficient arti- * 
ficialiy by making the substance less soluble in the 'aqueous phase. 
TMs can be done by adding some substance which depresses the 
electrolytic dissociation of the compound being extracted (§ 336 ), Thus, 
suppose that an organic acid, which ionises to a certain extent in 
aqueous solution, is to be extracted with ether. If a strong inorganic 
acid is added to the solution, the hydrogen ion concentration is increased, 
and the ionisation of the organic acid is reduced. In the solution there 
will now be a greater amount of undissociated acid, and hence the 
amount extracted will be greater, the ionised acid not being extracted 
by ether. An organic base can best be extracted in the presence of a 
strong inorganic base. The addition of salts will also frequently lower 
the solubility of an organic compound in water (salting-out effect), and 
thus increase the distribution coefficient. 

268. Reerystallisation. — A method of purification frequently 
adopted is to make use of the different solubilities of the pure substance 
and the impurity. The impure substance is dissolved in a solvent 
particularly chosen for the purpose, and then by lowering the tempera- 
ture, or removing some of the solvent by evaporation, the less soluble, 
or more abundant, substance crystallises out. Suppose we have a 
substance containing an impurity. Enough solvent is added completely 
to dissolve the substance, and if too much is taken the solvent is 
evaporated until crystals appear. Or, the solvent may be added hot, 
and when it cools crystals will come down. Now, when crystals just 
appear, the solution will be saturated with respect to the pure substance, 
but not with respect to the impurity, for the concentration of this is 
much smaller. Consequently, the pure substance only crystallises out, 
until the solution becomes saturated with respect to the impurity. Of 
course, the crystals which are taken from the solution will contain a 
small amoufit of the mother liquor, which will be a concentrated 
solution containing the impurity, and so there is bound to be a small 
amount of impurity on, but not in, the ’crystals. This can be partly 
removed by careful drying of the crystals in a centrifugal machine, but a 
second or third reerystallisation is usually needed to give a satisfactory 
degree of purity. 

There is always a loss of material when a purification is carried out 
by means of reerystallisation, for a time is reached when, the solution 
is saturated with respect to both pure substance and impurity. Further 
separation cannot then be effected. The greater the difference in 
solubility of the two su^tances in the solvent chosen, the more efficient 
will the process be, for the amount of the less soluble substance (the 
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substance required) present in a solution when it becomes saturated 
.with the impurity will be smaller* ■ 

In manufacturing processes where reerystalllsation is used, the 
process is not so simple as that outlined above. The temperature is 
carefully regulated, and various solvents are used by means of which 
more complete separation can be made... . ' 


F. SOLUTIONS OF SOLIDS IN SOLIDS 


264. Solid Solutions. — When two substances are melted together, 
and the liquid cooled, it sometimes happens that instead of either 
component being deposited in the pure state, both substances are 
deposited together. This is usually the case when substances are 
isomorphous. The solid thus deposited is called a solid solution; for, 
although a mixture, it is perfectly homogeneous, just as a solution of a 
solid in a liquid is homogeneous. 

Solid solutions are most frequently met with in alloys. Thus, silver 
and gold, and cobalt and nickel, mix with each other in all proportions 
forming solid solutions. 

When one metal dissolves in another, it lowers the .melting point, 
just as, when a salt is dissolved in a solvent, the freezing point of the 
solvent is lowered. Thus, if tin is dissolved in lead, the melting point of 
the lead is lowered. When a solid solution is heated it begins to melt, but 
does not all melt at once. The melting point of a pure solid is sharp, 
whilst that of a solid solution, is not sharp, the melting taking place over 
a range of temperature. Thus, the composition of the liquid produced 
when the solid solution melts is not, at first, the composition of the solid 


freezing point 
curve. 


.meitlng.. pojat 
■ curve. 


Compel. >.*« 


solution; onlj^jdien melting is complete is this composition attained. 
The temperature at which solid begins to be deposited from the cooling 
liquid solution is usually called the freezing point of the mixture, and 
the temperature at which liquefaction just begins when the wild 
solution h heated is usually called the melting point. It is clear that 
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In Curve III the fre*2ing point curve passes through a minimum, and 
this is the most common occurrence* 
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there will be two temperature-composition curves of this system, 
showing (a) the composition of the liquid, and (6) the composition of the 
solid at any given temperature* The first is called the liquidity, and the 
second the solidus curve (Fig* 165). 

This phenomenon is met with sometimes when determining the . 
melting point of an organic substance. Indeed, it is a usual method of 
recognising the presence of an impurity. If the substance is pure, the 
melting point is sharp; if impure, the substance melts over a range. 

265. Freezing Point Curves ol Solid Solutions.— There are three 
types of freezing point curve, just as there are three types of vapour 
pressure, or boiling point, curves for liquid solutions, already con- 
sidered (§ 249). Indeed, the two cases are very similar. 

The three freezing point composition curves are shown in Fig. 166. 

In Curve I the freezing points of all mixtures lie between the freezing 
points of the pure components. It is rather unusual for this type of 
curve to be found, for it indicates ideal solution, a phenomenon rarely 
met with in th'e case of liquids, and therefore 'likely to he more rare in 
the case of solid solutions. Examples of it, however, are the solid solu- 
tion of jS-naphthol in naphthalene, and that of, anthracene in 
phenanthrene. 

In Curve II the freezing point curve passes through a maximum. 
Again, few cases of this are known. 



The dotted lines m hig. 166 represent the melting point curves. 

The curves given are the simplest types; more complicated cases are 
usually observed, though the3 r are modifications of the simple types. 

268. Fractional Crystallisation of Solid Solutions. — Exactly similar 
considerations govern the fractional crystallisation of solid solutions 


Consider the liquidus-solidus curve shown in Fig. 167. Each point 
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begins to form at the temperature given by/, but its composition is g. 
It is to be noted that this solid is richer in B than the original. If the 
process is repeated, an almost complete separation into the two com- 
ponents can be effected. Theoretically, however, this would require an 
infinite number of operations, and so is impossible^ It is possible,, 
however, so to carry out the fractionation that the components are 
obtained as pure as is necessary. 

As in the case of fractional distillation, it is impossible to effect 
complete separation when dealing with solid solutions for which the 
other types of freezing point-composition curve hold, A little con- 
sideration will show that if the freezing point curve has a maximum, 
fractional crystallisation will ultimately give a mixture having the 
composition corresponding to the maximum freezing point, and the 
liquid phase will get richer in the component which was in excess. If the 
freezing point curve lias a minimum, the solid separating will be one of 
the pure components, whichever was taken in excess, and the liquid 
phase will approximate to the composition corresponding to the 
minimum freezing point. 
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367. Ideal Solutions, — In this chapter we shall deal with those 
properties of solutions which are common to all solutions, and the effect 
on these of altering the composition of the solution. Such properties are 
called coUigative properties. 

Experimental studies lead us to believe that it should be possible to 
express these colligative properties of solutions in terms of a simple 
relationship to concentration. Actually for real solutions this is only 
possible when the solution is dilute. Solutions, the properties of which 
obey simple laws, are called ideal or perfect solutions. The more dilute 
a solution the nearer to ideality is its behaviour. 

In a systematic treatment of solutions it is necessary to define the 
ideal solution. This can be done thermodynamically in terms of the 
variation of Gibbs free energy per mol of a component of solution with 
the composition of the mixture. Using this definition laws such as 
Raoult’s Law, Henry’s Law and the van’t Hoff expression for osmotic 
pressure can be deduced. However, the definition adopted here is that 
an ideal solution is one that obeys Raoult’s Law over all compositions. 
An ideal solution is formed from its components without any heat being 
absorbed or given out and. the volumes of the components are additive. 
Thus, if we have 100 c.c. of a solution, and add 10 c.c. of water to it, the 
total volume would be 110 c.c. if the solution -were ideal. This, however, 
does not hold for any solution. There is always a slight deviation. The 
more dilute is a solution the more nearly does it approach ideality. 
That is why we shall deal in this chapter with dilute solutions only. 
The laws then discussed will be applicable to all dilute solutions to a 
close approximation; but if we include strong solutionsHhe laws no 
longer hold, because these are far from being ideal. Ail laws of ideal 
solutions can be deduced from the above definition. 

268* Methods ol Expressing* Concentrations of SoMions —The 
properties to be dealt with in this chapter are determined rather by the 
numbers of molecules present than by the actual weights of the sub- 
stances present. The method of expressing the concentration of a 
solution by m§aas of the weight dissolved in a given volume, i.e., grains 
per litre, although it could be used, would be unnecessarily complicated. 
The best method is to express the concentration in gram-molecules per 
litre. Frequently the method of ^mol-fractioisgf* is used* If % is the 
number of gram-molecules of the%ubstanee a t and n h that of the robstaee, , 
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b contained in a given solution, then the mol-fraction of a is N a = 


ri and of 5, N h ■ 


n a +n b ’~ w n a +n b 

269. j Osmosis.-f- If a strong solution of copper sulphate is placed at . 
the bottomofataB cylindrical vessel, and is then carefully covered with 
water, so that the heavier solution is not disturbed, the two layers are, 
at first, more or less well defined. After some months, however, the two 
solutions are found to have formed a mixture, in which the two layers 
can no longer be discerned. This happens even though convection cur- 
rents (which could cause mixture) are completely prevented by keeping 
the apparatus at a constant temperature throughout the experiment. 

The tendency of the molecules of copper sulphate to distribute 
themselves uniformly through the solvent is an ordinary movement of a 
system towards equilibrium; that is, to a state of maximum entropy 
and minimum free energy. We can consider a situation in which a 
solution is separated from pure solvent by a membrane which is 
permeable to molecules of solvent but not to molecules of solute. If the 
pressure and temperature on both sides of the membrane are the same 
then the system is not in equilibrium. Equilibrium will only be attained 
after all the solvent has passed through the 
membrane into the solution. This phenom- 
enon is known as osmosis. We can, however, 
apply an excess pressure to the solution 
side of the membrane. When a certain 
pressure (dependent on the concentration of 
solute) is applied there will he equilibrium 
between solution and solvent across the 
membrane and no further solvent will pass 
through. The excess pressure necessary to 
bring about tills equilibrium between the 
solvent and solution across the membrane is 
known as the osmotic pressure of the solution. 

The phenomenon of osmosis was first 
observed by the Abbe Nollet, who closed the 
end of a tube with an animal membrane, and 
j — Membrane filled the tube with sugar solution. The tube 
was then placed in a beaker of water. The 
water entered through the membrane, diluted 
the sugar solution, and rose in the tube. The 
experiment is easily carried^gut with the 
apparatus shown in Fig. 168, '’The thistle 
funnel A has a membrane (pig’s bladder) tied 
It is t|pa filled with sugar solution and placed in a 
The water c rises in the stem of the thistle 
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funnel until the hydrostatic pressure equalises the pressure driving the 
water in This pressure is the osmotic pressure, and is measured by the 
height to which the solution will rise in the tube. 

The first quantitative experiments on osmotic pressure were carried 
out with an apparatus like the above, using pig’s bladder as the 
membrane. Traube showed that inorganic substances, for instance, 
copper ferrocy anide, v Cu 2 [3?e(CN) 6 ], precipitated when potassium’ 
ferrocyanide solution is added to copper sulphate solution would also 
act as membranes. It is necessary for a membrane of this sort to be 
supported in some way, and this was accomplished by producing the 
substance in the walls of a porous pot. It is a matter of great difficulty 
to get a porous pot suitable for the work The pores must all be the 
same size, as otherwise certain parte of the pot have to bear more 
pressure than others, and the membrane is ruptured at that spot. 

Osmotic pressure is of great importance in physiological processes. 
The walls of animal cells, and the protoplasmic lining of plant cells are 
imperfect sem£perme&ble membranes, i.e., they allow some substances 
to go through, e.g., water, but not others, e.g., salts, in just the same way 
as the pig’s bladder. 

If a cell containing a solution of a definite osmotic pressure be placed 
in a solution of less osmotic pressure, water will enter the cell in an 
attempt to equalise the concentrations and bring about equilibrium,. 
The cell will swell. If, however, the reverse is the case, the cell solution 
having the smaller osmotic pressure, water will leave the cell and it will 
shrink.- If it Is placed in a solution of the same osmotic pressure, water 
neither enters nor leaves the cell, and it remains the same size. Solutions 
having the same osmotic pressure are called, isotonic solutions . 

270. The Experimental Determination of Osmotic Pressure. — 
{a) Tim Method of Pf offer . — A special porous pot was prepared to take 
the membrane in the following way: the pot was first treated with a 
dilute solution of potassium hydroxide, and then with a 8 per cent 
solution of potassium nitrate, after which it was washed out and dried. 
If was then filled with water, and the water forced into {jhe pores by 
pressure. It was afterwards placed in a 3 per cent, solution of copper 
sulphate for some time to allow the salt to get well into the pores, and a 
solution of the same salt was placed inside the pot. The interior of the 
pot was washed out and quickly dried. The cell was then allowed to 
stand in air until the outside was just wet, when it was filled with a 
3 per cent, solution of potassium ferrocyanide and again placed in the 
copper sulphate. After this, the cdll was tested for various pressures. 

In carryip^Tut an experiment, the cell was filled with a solution, 
usually of sugar, of which the osmotic pressure was required. A mercury 
manometer was fixed to the cell, and the whole was placed in water kept 
at a constant temperature in a large tank. Wafer entered the cell, and 
the pressure attained was measured by the manometer. 


466 


DILUTE SOLUTIONS 



(b) The Method of Morse and Frazer . — Morse and Frazer improved 
upon Pfeifer’s method in several details, although the general procedure 
was the same. The chief innovation was the deposition of the copper 
ferrocyanide membrane elecfcrolyfcieally, a more even deposit being thus 
obtained. The cell was filled with a M/10 solution of copper sulphate, 
and placed in a vessel containing M/10 potassium ferrocyanide, platinum 
electrodes being placed in both solutions. The electrodes were connected 
to a battery, and the copper ions were driven out of the pot, whilst 
ferrocyanide ions were drawn into it. Where they met, somewhere in the 
wall of the pot, they combined and formed the membrane. 

Morse and Frazer also used great care in choosing the correct pots 
for high pressure work. The results obtained by these observers are the 
usually accepted ones. They determined the osmotic pressure of cane- 
sugar solutions up to 91 per cent, strength, the strongest solution giving 
an osmotic pressure of 273 atmospheres. 

(c) The Method of Berkeley and Hartley , — An important change in 
method was used by the Earl of Berkeley and E. G. Hartley. Instead of 
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Fig. 169. — The Apparatus of Berkeley and Hartley (diagrammatic). 

measuring the osmotic pressure directly, they measured the force 
necessary to* prevent the entrance of liquid into the pot, so what they 
actually did was to counterbalance the osmotic pressure by an external 
pressure, the value of the latter giving^the value of the osmotic pressure. 
The apparatus is represented diagrammatically in Fig. 169, 

The results of the method agree with those of Morse and Frazer. 
The same investigators have also used a dynamic method of measuring 
the osmotic pressure, by determining-fche rate of flow of solvent into the 
solution. ^ 

(d) Methods of Comparing Osmotic Pressures . — -As has already been 
mentioned, the cells of plants and animals have walls composed of semi- 
permeable materials through which water can pass. De. Vries applied 
this fact to the determination of relative osmotic pressures by placing 
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cells in the two solutions to be compared and noting how much each 
had to be diluted in order to give a solution of which the osmotic 
pressure was the same as that inside the cell 
Tammann has used an ingenious method based on the detection of 
the currents produced when one liquid flows into another of different 
density. When no currents were observed, the solutions were isotonic. 

" 271* The Laws of Osmotic Pressure. — The following is a table of the 
results of Berkeley and Hartl ey’s determination of the osmotic pressure 
of sucrose solutions at 0° 0 In the last column, the pressure (P) has 
been multiplied by the volume containing one gram-molecule of the 
sucrose (F). 


Table LXXL- 


-Osmotic 'Pressures of Sucrose Solutions 
(Berkeley and Hartley) 


V ■'Conceiitration.. ' 

Osmotic Pressure, 

P . 

Volume containing. 

1 gram-mo!., 

PV , 

; « . 



■ %, - w ' 


Atm. 

Litres. 


2*02 gm./litre : 

0-134 

169-3 

22-7 

100 

0-66 

34-2 

22-6 

20-0 

1-32 

17-1 

22-6 

450 „ 

2-97 

7-60 

• 22-6 

93-75 

6-18 

3-65 

22*5 


It is at once seen that the product PV is constant, a relationship 
recalling the behaviour of a gas, and corresponding to Boyle's Law. 

Since the product of the osmotic pressure and the volume containing 
one gram-molecule of solute is constant, the osmotic pressure divided 
by the concentration must be a constant. Thus, osmotic pressure is 
directly proportional to the concentration. 

It is clear that Boyle's Law may be applied to dilute solutions if the 
pressure used in the equation is the osmotic pressure developed, and 
the concentration is the reciprocal of the volume containing a given : 
weight of the solute. E-- : c ■ V 


Table LXXIL* 


-Effect op Temperature on Osmotic Pressure 
of Sucbose Solutions 


t, * c. 

r. * Abs. 

OAsotic Pressure, P, 

- „ ■ ™ ' 

p;t i 

0 

273 

7-085 

0-02594 

• 10 

283 

7-334 

0-02591 

20 

293 

7-605 

0-02595 

25 

298 

7-729 v 

0-02594 

. If 


m 



# 1 \ 
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It is remarkable that the effect of temperature on osmotic pressure 
is also similar to the effect of temperature on the pressure of a gas. 
The pressure is proportional to the absolute temperature. The table 
below shows the variation of the osmotic pressure of sucrose solutions 
with temperature according to observations by Morse and Frazer. 

As the osmotic pressure of a solution is both proportional to the 
concentration, and to the absolute temperature, an expression such as 

PV = XT 

must govern the combined effect of these variables. K is a constant. 

Using the data that have been obtained experimentally, the value 
of K may b© calculated. Taking the results for a concentration of 
10 gm./i itre, we see from Table LSXI that the value of the osmotic 
pressure is 0*66 atmos. The volume containing one gram-molecule is 
34*2 litres, and the temperature is 0° C,, i.e. } 273° Abs. 

Inserting these in the equation, we have 
PV = XT, 

0*66 X 34*2 =K X 273, 

0*00 X 34*2 A AOO , . , 

= 0*0824 utre-atmos. per degree. 


This is in gf>od agreement with the gas constant B , which on the same 
system of units is 0*0821 Jitre-atmos. per degree (§ 122). 

There are, then, clearly marked relationships between osmotic 
pressure and gas pressure. The same laws govern both. This can be 
put into a statement as follows: The osmotic pressure of a dilute solution 
is equal to the pressure which the solute would exert if it were a gas at the 
same temperature , and occupying the same volume as the solution. 

The first to arrive at this relationship was van’t Hoff, making use of 
Pfeifer’s observations. Whilst this law is true for non-electrolytes, such 
as sugar and other organic substances, it does not hold for electrolytes, 
which give higher values for the osmotic pressure than required by this 
theory. The reasons for the deviation of electrolytes from the laws of 
dilute solutions will be taken up in greater detail later (§ 321). 

272* Betermination of Molecular Weights of Substances in Solution 
by means of Osmotic Pressure. — Since we know that osmotic pressure 
is related to the volume { V) of a solution containing one gram-molecule 
of a substance by the relationship 

PV = 0*0821 T 

when P is measured in atmospheres, V in litres, and T In degrees 
Absolute, it is clear that if we measure P and T we can fiiu j F - 
To determine the molecular weight of a substance in solution by the 
osmotic pressure method, the osmotic pressure of’ a solution of the 
substance of known concentration is determined at a definite tempera- 
ture. Inserting the values of P and T ifi the above equation, tbe volume 
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' of solution containing one gram-molecule of the solute is obtained. 

; Since the weight of solute dissolved in a given volume of solvent is 

,j _ known, the molecular weight is easily calculated. 

_ ; 'i'he method is not frequently employed owing to the manv difficulties 

t ‘ attendant upon osmotic pressure measurement. 

- 27B. Numerical Examples. — Some numerical examples will mate 

| the method of calculation quite clear. 

) W Ten S™ 1213 of » substance were dissolved in 250 c.e. of water, and 

| the osmotic pressure of the solution was found to be 600 mm. of mercury 

i at 1 G. Find the molecular weight of the substance. 

; Let M be the molecular weight of the substance. Then 10 gms. 

correspond to — gram-molecules. This is dissolved in 250 c.e. of water. 


0-025 M litres. 


Hence, 1 gram-molecule is dissolved in 25 M c.e. 

GOO , 

fljQ atm ° 3 - T = 288° Abs. Substituting 


This is V. P — 600 mm. 


.0-025 M = 0-0821 X 288, 


. these values in the equation, we have 

. PV = 0-0821 T, 

60 
76 

• u - 76 x °' 0821 X 288 
60 X 0-025 ’ 

= 1197-6. 

(2) A substance of molecular weight 286 was used in an osmotic 
pressure experiment. A solution containing 10-3 gms. of the substance 
in 100 c.c. of water was made up. What osmotic pressure should the 
solution exert at 20° C. ? 

Let / be the osmotic pressure. From the data given, 

F = !L 6 litres. 

10-3 

T = 293° Abs. 

Substituting in the equation 

PV = RT ■ 

■ 28 * 6 ' ■■■' 

P 10-3 X 0-0821 X 293 , 

F atmos. 

= 8*662 atmos. 

874. Theories of Osmotic Pressure and Semi-permeability.— Whilst 
the facto of osmotic pressure and the laws governing it are known we 
are still a long way from knowing the caus> of this phenomenon. 
Several theories have been put forward, none of which provides & 
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perfectly satisfactory explanation, and it seems that until a more 
complete theory of the liquid state is developed a satisfactory theory of 
osmotic pressure and of semi-permeability will not be possible, 

Traube considered the semi-permeable membrane to be a sort of 
molecular sieve, which would allow small molecules of the solvent to pass 
through, but which stopped the progress of the larger solute molecules. 
This theory was of course only applicable to certain cases, for examples 
are known where the molecule of the solute must be smaller than that 
of the solvent, and yet the membrane still acts as a semi-permeable one. 

Another theory which was put forward by Bigelow assumes that the 
membrane acts like a set of very fine capillary tubes, and that the 
process of semi-permeability is intimately connected with capillarity. 

Armstrong proposed a chemical theory whereby the solvent was 
supposed to form a kind of loose chemical compound with the membrane, 
and was later split off again. There is little evidence for the truth of 
this view. 

The theory of preferential solubility, which states that one of the 
substances, in this case the solvent, dissolves in the membrane, diffuses 
through it, and is given off again at the other side, seems to be the most 
generally applicable. It, is supported by the experiment already quoted 
(§ 226) in connection with the proof of Dalton’s Law of Partial Pressures, 
in which the hydrogen in a mixture of nitrogen and hydrogen is separated 
by passing the mixture through a heated palladium box. Without going 

into great detail, we may say that 
the hydrogen dissolves in the palla- 
dium, diffuses through it, and is 
given off again at the other side. 
This gives quite a reasonable pic- 
ture of what might be happening in 
osmosis through a semi-permeable 
membrane. 

There are two outstanding 
theories of osmosis. The first is the 
kinetic theory, in which osmotic 
pressure, like gas pressure, is 
supposed to be due to the bom- 
bardment of the molecules of solute 
vn the membrane. The number of 
collisions of the solvent with the wall will be less on the side of the 
solution than on that of the solvent, and the latter therefore flows 
t trough in an attempt to make the number equal. * a6B ^ 

The other theory is the hydrostatic theory. The entrance of solvent 
into the solution is supposed to be due to the existence of an attractive 
force of the solvent for the solute. This might be due to variation of 
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Solvent 


Solvent 
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275. Themodynardc Proof of the Id 
Pressure Lam. — -This proof was original! 
usually associated with the name of van 
cyclic process (§-106), carried out at a ten 

Suppose that we have a gas at press 
solution of osmotic pressure P. ab is 
allowing gas to pass through, hut not liqi 
the cylinder, is also semi-permeable, alio 
gas, to pass through. The pistons, A and 3 

Stage /. — Move the pistons A and B uj 
the volume occupied by one gram-mole< 
is transferred through the membrane ah fr< 
A will move up through a volume v, but ’3 
F, which is equal to the volume of solutio 
is dissolved. 

The amount of solvent corresponding 
transferred passes through the wall ac and 
work done in the movement of the upper j 
lo'wer PV. In the former the work is don 
on the system. Hence, the net work done : 

Stage IL — The volume of gas, thus pass 
to the soluton by a reversible and isothe: 
the maximum amount of work. This is i 
succeeding two stages. 

The volume v of gas separated from the 
isothermally and reversibly to a pract 
maximum work done in this process is 


Stage III . — The gas is now brought ini 
the solvent. It dissolves infinitely slowly 
If, however, the gas is gradually comprej 
It will dissolve. Let p x be the pressure ap 
the system is 


To evaluate the integral, we muff cons; 
When one gram-molecule of gas has dissol 

must be eguaHop, so, assuming the aceur 


molecules will dissolve at 
mil m UBdissolved. 
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By the gas laws 


Hence, 


so that osmotic pressure obeys the gas laws., 

276* Raoult’s Law of Vapour Pressure Lowering,— It , has been 
known for some time that a solution of a salt boils at a higher tempera- 
ture than the pure solvent. This means, of course, that the vapour 
pressure of a solution is less than that of the pure solvent. Gay-Lussac 
was among the first to investigate this lowering of vapour pressure, 
and he found that the vapour pressure of a solution of sodium chloride, 
of specific gravity 1*096, was 0*9 of that of pure water. He failed, 
however, to discover any law underlying the phenomenon. 

Von Babo (1848-49) carried out numerous experiments on the vapour 
pressure of salt solutions, but discovered only that the lowering of 
vapour pressure and the concentration of the salt were connected by a 
complicated geometrical series. The work was taken up by Wiillner, 
in 1856, who was the first to discover the simple law at the basis of this 
phenomenon. He used aqueous sections and came to the conclusion 
that “the diminution of the vapour’ pressure of water caused by sub- 
stances dissolved therein, which substances do not themselves exert any 
noticeable pressure at the temperature of the experimental proportional 
to the quantity of the substance in the solution’*. 

In 1887, R&oult extended the work to cover other solvents besides 
water, and discovered i^e connection between the lowering of vapour 
pressure and the molecular weights of tl£> solute and solvent. Be stated 
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since v is negligible compared with v<x>. 

Stage IV. — This volume of solution must be returned to the original 
solution, a process which involves no work. Since we are here dealing 
with an isothermal and reversible cycle, the total amount of work done 
in it must be zero. Hence, 


pv - PV + RTlog — - RT log ~ = 0^ 


.-.pv = PV. 
pv = RT. 
PV = RT, 
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that “the lowerings of vapour pressures of solutions in different solvents 
are equal when the proportion of the number of molecules of the dis- 
solved substance to the number of molecules of the solvent is the same”. 
Raoult used twelve different solvents, and dissolved many substances in 
them, finding the relative lowering of vapour pressure for one molecule 
of each substance in 100 molecules of solvent. This was constant. 

Combining the statement of Wiillner with that of Raoult, it may be 
said that the vapour pressure of a solution is proportional to the mob 
fraction of the solvent present in the solution {§ 288). This is R&oult’s 
Law of Vapour Pressure Lowering. 

Suppose that the mol-fraction of solvent in a solution is n B , then that 
of the solute must be 1 - n s . Let p s he the vapour pressure of the 
solution. Raoult’s Law states that 


where & is a constant. 

If p 0 is the vapour pressure of the pure solvent, 


since, in the pure solvent, n 8 = 1. 

Hence, from*equations (1) and (2), 

P*'—Po** .... (3) 

Now, from equations (1) and (3), a more convenient mathematical 
expression of Raoult’s Law may be derived. We have 


number of molecules of solvent 
total number of molecules in solution' 


Po -V-f n 

where n is the number of molecules of solute, and N is the number of 
molecules of solvent. 

The law holds only for perfect solutions. For other solutions devia- 
tions of a serious nature occur. If we are dealing with perfect solutions, 
we may plot the vapour pressure against the composition, and shall 
obtain curves of the type shown in Fig. 171. The vapour pressures of 
the two components are additive (Dalton’s Law, § 225), so that a 
straight line CD is obtained upon which the total vapour pressure of the 
solution will lie. When a solid is dissolved in a liquid, the vapour 
pressure of the solid is extremely small, and hence the vapour pressure 
of the mixture-will be practically that of the solvent. This is shown 
in Fig. 171. 

The vapour pressure curves of mixtures of two liquids have already 
been dealt with (§ 249). It will be remembere&that these were of three 
distinct -types, (a) a straight line (or a line showing neither a maximum 
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nor a minimum), (5) a curve showing a minimum, and (c) a curve 
showing a maximum. Eaoult’s Law would hold for liquid mixtures, if 
such mixtures were perfect solutions (§ 267). Actually, only those 
mixtures which give the straight line vapour pressure curve obey 
Raoult’s Law. The existence of maxima and minima in the curves 
indicates that Eaoult’s Law” is not being obeyed. 

In the case of solutions of solid non-electrolytes, Eaoult’s Law is of 
more or less general application. A solid contributes a negligible amount 
to the total vapour pressure, whereas, with liquids, the vapour pressures 
of the two components are of the same order, and deviations will be 
more marked. 
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Fig. 171.- — Vapour Pressure-Composition Curves for Solutions, 
curves refer to one particular temperature. 
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277. Derivation of R&oult’s Law. — Eaoult’s Law m.av be derived 
theoretically from the Distribution Law (§ 261). Consider "the distribu- 
tion of molecules of the vapour between the gaseous and liquid phases. 
Let N be the number of molecules of pure solvent, and n the number of 
molecules of solute added. The molar concentration of the solvent 

1); afterwards it is — . 

N + n 

Let G 0 bejhe concentration of molecules in the gaseous phase over 
the pure solvent, and 0 the concentration of gas molecules over the 
solution. By the Distribution Law, the ^atio of the concentrations of 
the same molecular species in the gaseous and liquid phases is constant, 

Hence, , v ' - v/v; v 


before the solution is made is — ( 
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Since the concentrations of molecules in the gaseous phase are propor- 
tional to the pressure, 

Po -$* ^ n 
Pa N + n 

where p 0 is the vapour pressure of the solvent, and p $ that of the 
solution* This is the mathematical expression of Ra-oult’s Law* 

278* Connection between Vapour Pressure 
Lowering and Osmotic Pressure.— As has been "X 

already stated, there is a definite connection / \ 

between osmotic pressure and all the other colliga- 
tive properties of solutions. It is the purpose of this 
section to derive the mathematical relationship 
' between the osmotic pressure and the vapour 
pressure of a solution. 

There are several methods of doing this, but the B l < 

simplest is that given below. - ^ 

Consider ar tube, closed by a semi-permeable • ; 

membrane and containing a solution, immersed in a l_JlLi 

vessel containing the pure solvent. The whole _ A 

arrangement is placed under a bell-jar, which is ^ 

evacuated. The osmotic pressure of the solution is 
measured by the height h } to which the liquid rises in the tube. 

Consider the vapour pressure of the solution at B, calling it p\ This 
must be equal to the pressure of the vapour of the solvent at B, other- 
wise there would be a distillation process taking place at B. If the 
vapour pressure of the solution were less than that of the solvent at B, 
some of the solvent would condense on the solution, which would 
become more dilute until the vapour pressures were equalised. Con- 
versely, if the vapour pressure of the solution were greater than that of 
the solvent at B, distillation would go on from the solution, and more 
solvent would be drawn through the membrane. In either case there 
would be a continuous flow of liquid up or down the tube, and equili- 
brium would not be established. 

Now what is the vapour pressure of the solvent at B? It will be 
different from that at the surface of the liquid by an amount equal to 
the pressure of a column of the vapour of height h. Thus, if p is the 
vapour pressure of the pure solvent, 

p 

where d is the density of the vapour. 

We now have to find the density of the vapour. Let the molecular 
weight offhe solvent be If. The volume occupied by M gms. of vapour 
at pressure p and at temperature T is 

TT RT 


■ ■ i 


I -V 


. 
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The density of the vapour is, then, 


Assuming that the density of the dilute solution is equal to that of the 
solvent s , the osmotic pressure P is given by 


Hence, 


P = hs. c 

/ 

P.MP ~ 

s RT 9 p 


MP 
sRT 5 


We can derive Raoult’s equation from this statement as follows: If Y' 
is the volume of solvent containing one gram-molecule of the solute, 


P = n 


RT 


v* 


But 


r 


NM . 


where N = number of gram-mols. of solvent. 


Hence, 


nsRT 


NM 


Substituting in the equation above, we have 
p - p' M nsRT 


p s.RT NM N 

which is a modified form of Raoult’s Law, in which n, which is small 
compared with N , since the solution is dilute, is neglected in the 
denominator. 

878. Use of Raoult’s Law in the Determination of Molecular 
Weights. — It is clear that if the lowering of the vapour pressure, of a 
solvent brought, about by dissolving a known weight of solute in a given 
weight of the solvent is known, its molecular concentration can be 
determined. ♦Knowing the weight of substance and the volume of 
solvent in, which it is dissolved, it is then an easy matter to calculate the 
molecular weight. * 

, 280. Numerical Examples. — Some ^examples will make this clear. 

(1) The vapour pressure of water is 92 mm., at 50° 0. 18-1 gms. of 
urea are dissolved in 100 gms. of water, and reduce the vapour pressure 
by b mm. Calculate the molecular weight of urea. 

The number of gram-molecules of water present is 100/18. That of 
urea is 18*i/Jf, where M is the required molecular weighs Raoult’s 
Law states 
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Substituting the values 


p 0 — 92 mm., N 


The molecular weight is 56-7. 

(2) At 20° C. the vapour pressure of ether is 442 mm. of mercury. 
When 6-1 gms. of a substance were dissolved in 50 gms. of ether, the 
vapour pressure fell to 410 mm. What is the molecular weight of this 
substance ? 

Here p 0 — 442 mm. n = — 


since the molectilar weight of ether is 74, 
Substituting in the equation 


The molecular weight is 115-7, 





Solution. 


Solvent 


°Fia. 173. — Lord Rayleigh's Differential Manometer. 

Dieterici used a differential method for measuring the vapour 
pressure. The method depends on the determination of the difference 
of vapour pressure of solvent and solution. He used a glass plate 
connected to a quartz thread to which was attached a mirror. The glass 
plate was arranged so that the difference of pressure caused a movement 
of the plate (Fig. 174). This movement was used to Uvist the quartz 
thread, which moved the mirror. A beam of light reflected from the 
mirror would be deflected through twice the angle the mirror turned 
through. The sensitivity of the apparatus was very great, and Dieterici 
, fihxitted to observe a pressure differenceto an accuracy of 0-OOkmm. 


281. Experimental Determination ol Vapour Eressores*— There are 
two types of experiments by means of which vapour pressures may be 
determined. The first is static, and the second dynamic in nature. In 
the static methods the pressure itself is directly measured.. In the — ^ 
dynamic methods the vapour pressure is obtained by measuring some . 
effect due to it (see also § 167). 

The static method was first used by von Babo in 1848, and later by 
Wullner (1856), whose work paved the way for the generalisation of 
Eaoult. Raoult himself determined vapour pressures by the static 
method, preparing first a barometer with a Torricellian vacuum over 
the mercury, and introducing the substance, of which the vapour 
pressure was required, over the mercury. The depression of the mercury 
level, owing to the vapour pressure of the liquid, was measured. This ] 

was a direct measure of the vapour pressure. By comparing the amounts * 

of depression caused by the pure solvent in one barometer tube, and the 
solution in another, the lowering could readily be obtained. * 
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A similar idea to tills was used by Lord Rayleigh In the construction 
of the differential manometer, A diagram of this apparatus is given in 
Fig, 173. The two limbs, X, Y, were filled with mercury. The height of 
the mercury in each limb was dependent upon the pressure to which 
each was connected. The forked manometer was tilted until the two 
ivory pointers, BB, just touched the level of the mercury. The angle 
through which the mirror M was deflected was measured by the deflec- 
tion of a beam of light reflected from it. As before, the deflection of the 
reflected beam was twice the angle the mirror had been turned through. 

This manometer was applied by Frazer and Lovelace in their experi- 
ments on the depression of vapour pressure. They obtained very 
accurate results for a number of solutes. 

All methods of determining vapour pressures demand that the tem- 
perature be kept constant, as a slight change may alter the vapour 
pressure considerably. 

The dynamic methods have been more extensively applied than the 
static ones, a& they are easier to use, and can be made to yield quit© 
accurate results. 

The principle of Ostwald and Walker’s dynamic method (1888) is as 
follo ws: A known volume of air is passed through the solution, and then 
through the pure solvent. As it passes through the solution it becomes 
saturated up to the vapour pressure of the solution, and the solution 
loses weight proportionally, the loss being determined by weighing 
before and after the air has passed through. As the air, already saturated 
to the vapour pressure of the solution, 
passes through the solvent it takes up a ^ 

little more vapour, since the vapour | Solv ent 

pressure of the solvent is greater than 
that of the solution. The loss of weight 
of the solvent is proportional to the 
difference in vapour pressures of the 
solution and the solvent. 

When the solvent is water the 
vapour pressure of the solvent is best 
obtained by passing the air, after 
it has been through solution and 
solvent, through calcium chloride tubes, 
which will remove all the water, and 
which by weighing before and after the J, Solution 

experiment will give the total weight of 
water in j&e air, which is proportional ]bia * 
to the vapour pressure of the solvent. 

The apparatus required for this method is shown in Fig. 175, A are 
three wash-bottles in which is placed the solufton. Then follow B, three 
wash-bottles containing pure solvent. These are followed by three calcium 
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chloride tubes. It is only necessary to weigh the wash-bottles containing 



the solvent before and after the experiment, and the calcium chloride 
tubes. The difference of weight of the former is proportional to the 
difference in vapour pressure {p 0 - p s ), and that of the latter to the 

qj — 7) 

vapour pressure of the solvent (p 0 ). We thus have — — — . 

Vo 

Walker applied this method to the investigation of aqueous solutions, 
and Will and Bredig (1889) used it for alcoholic solutions. It is obvious, 
when the effect of the electrolytic dissociation of salts in aqueous 

: pur®.<lry 


Solution 

Alt' saturated to/> s 
loss oF weight 

Fig. 175, — Apparatus for Ostwald and Walker’s Dynamic Method. 


Solvent 


solution on the colligative properties is considered {§ 301), that all the 
methods of determining molecular weights in solution based on these 
properties will be of much more value for organic than for inorganic 
substances. Many organic substances are insoluble in water but soluble 
in alcohol, and hence Will and Bredig’s modification of the Walker 
method was of considerable use, Instead of absorbing the vapour of the 
solvent, the loss in weight of both sets of bulbs w r as obtained. The 
current of air was maintained for twenty-four hours, the flow being 
about 1 litre per hour. 

In Menzies’ method, the difference in pressure at which a pure 
solvent and the solution boil at the same temperature is determined. 
Thp apparatus is shown in Fig. 176. The bulb A contains the solvent, 
whilst the inner tube B contains the solution. This tube is provided 
with a scale graduated in c.c. The further inner tube C has a millimetre 
scale. It is first necessary to determine the zero point. This is done by 
connecting up the condenser D, and then half filling A with %e solvent. 
The liquid is boiled vigorously for a few minutes to boil out any dis- 
solved gas, and the inner vessel B is filled with the boiled-out liquid. 
When the liquid in the cater vessel is boiling steadily, the stopper E is 
removed, and the screw-clip F is partly closed. Vapour will blow through 
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the solvent in B. After a minute or two, the stopper is replaced loosely, 
and when it lias warmed up it is fully inserted and the clip F opened. 
The liquid is kept boiling steadily. In about five minutes the level in 
the inner tube will have become stationary, and a little higher than that 
in the surrounding vessel, owing to capillarity. 

A weighed tablet of the substance to be dissolved is now added to B, 
and the blowing through repeated. The solution having a lower vapour 
pressure than the solvent, the level of the liquid in the inner tube will 
come to rest lower than that in the tube it surrounds. The difference of 
the reading of the level of the liquid in the tube 0, for the solution and 
for the pure solvent gives the lowering of the vapour pressure in terms 
of millimetres of solution. The density of the solution must be known, 
or may be taken for rough purposes as equal to that of the solvent. The 
concentration of the solution is known from the reading of the volume 
of the solution in the inner tube. 


pump 


Fio. 176,— Menzies* Apparatus. Fig, 177.— Apparatus for Cumming’s 

Dew-point Method. 

■ V. ' .'V 

The dew-poiut method of Gumming is of interest, though not often 
used by tie physical chemist. It depends upon the fact that a liquid 
begins to be deposited from the vapour state when the vapour is 
saturated. Thus dew forms from damp air i%hen the temperature is 
stich fchai the air is saturated. Rrom a knowledge of the decree of cooling 1 
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required for the deposition of dew, the vapour pressure can be deter- 
mined, The apparatus is shown in Fig, 177. A silver tube A, containing 
ether and bearing a thermometer graduated to 0T° 0., and an exit and 
a delivery tube, is held in a cork so that its lower end is inside a bottle 
containing the solution. This bottle is first exhausted, and then air is 
blown through the ether, causing it to cool owing to rapid evaporation. 
This cools the vapour in the neighbourhood. The temperature at which 
dew begins to form is noted, and the tube is then allowed to warm up 
and the temperature at which the dew disappears is noted. This is 
repeated several times, and the mean of the results taken. This gives 
the dew-point, The vapour pressure of the solvent at this temperature 
(found from tables) is the vapour pressure of the solution at the tempera- 
ture of the vapour, 

282. Elevation ol the Boiling Point,— Since, as has already been 
shown, the vapour pressure of a solution is less than that of the pure 
solvent, it follows that the boiling point of the solution must be higher 
than that of the pure solvent. This point becomes dear when the 
vapour pressure curves of the solvent and the solution are considered 
(Fig, 178). The curves AB and CD represent the variation of vapour 
pressure of the solvent and solution respectively with temperature 
The boiling point is the temperature at which the vapour pressure of the 
liquid is equal to the superimposed pressure. Let P represent the 
superimposed pressure. Then T and T x will represent the boiling points . 
of the pure solvent and the solution respectively. It is obvious that T x 
is greater than T. If, then, we measure the boiling point of a solution, 
we should be able to discover the molecular weight of the solute. Indeed , 
the determination of the boiling point of the solution under atmospheric 

pressure is only another way of deter- 
mining its vapour pressure. 

It is usually much more convenient 
to determine a boiling point than to 
determine a vapour pressure, so the 
determination of the elevation of the 
boiling point is an exceedingly impor- 
tant method of determining molecular 
weights in solution. 

It follows from Raoult’s Law {§ 276) 
that equimolecular weights of different 
substances will increase the boiling point 
of a solvent by the same amount, since 
they depress the vapour pressure by the 
same amount. The elevation of the boiling point of a solvent caused by 
the solution of one gram-molecule of any substance in, say, 100 gms. of 
( , 1 it, will therefore be a constant for that solvent. The values of these con- 
i ; t stants for the solvents most frequently used are given in Table cn p. 483, 




Fig, 178, — Vapour Pressure- 
Temperature Curves for the 
Solvent and Solution. 
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Table LXNIII.— Molecular Elevatios (per life gms. solvent) 


Solvent 


Water 
Chloroform 
Ether 
Acetone , 
Benzene , 
Ethyl alcohol 


Suppose that a solution is made containing w gms, of a solvent, and W 
gms, of solute of unknown molecular weight if. Let the elevation of the 
boiling point be T° C. Now, one gram- molecular weight of any sub- 
stance, dissolved in 100 gms. of the solvent, raises the boiling point by 
the same amount, K° C. In the solution under consideration there are 
W gms. of solute dissolved in w gms. of solvent. In 100 gms. of solvent 
100 IF 

there would be* gms. of solute. This raises the boiling point T° C. 

The weight which will raise the boiling point by K° C. is the molecular 

weight, 

XT ir 10 0WK 

Hence, M = . 

wT 

The value of K is sometimes given for the elevation of the boiling 
point produced when one gram-molecule of a solute is dissolved in 
1,000 gms, of solvent (instead of 100 gms. as given in the above Table). 
These values would be one-tenth of those given above. 

283* Experimental Determination of Elevation of the Boiling 
Point— -(a) j Beckmann's Method , — The method of Beckmann is the 
oldest of the methods used. It has been improved upon in several ways, 
to be described later. • 

The apparatus is shown in Fig. 179, A weighed amount of the pure 
solvent, say 25 gms., is boiled in the boiling tube A, which has a piece 
of platinum wire sealed througfi the bottom, and may also be partly 
filled with glass beads or garnets. The purpose of these is to prevent 
superheating, which is the chief source of error in the method. The 
point of the wire, and the beads, help to break up the bubbles of 
vapour, and t{jus prevent any superheating. This boiling tube is 
provided %ith a coiled air condenser wduch returns the liquid to the 
tube as it vaporises. If this were not used, the strength of the solution 
would vary throughout the determination, and no satisfactory result 
could obtained. • ■ ■ • 
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The tube is nucleated directly, but is surrounded by a heating vessel 
B, in which some of the same solvent is boiled. This, too, is provided 
with a reflux condenser, the object in this case being merely to avoid 
waste of the liquid. The whole apparatus is heated on an asbestos 

box C, which is provided with 



chimneys, s , s, for promotion of 
currents. The boiling tube itself 


rests on two asbestos rings, h x 


and The whole purpose of this 
is to prevent any direct heating 
by the flame in older to avoid 
superheating. 

Having determined the boiling 
point of the pure solvent, a 
weighed pellet of the substance 
under examination is dropped into 
the liquid through ^he side tube, 
and the tube is again heated. 
The boiling point 4s again found. 
The experiment may be repeated 
by the addition of a fresh pellet of 
the substance, and noting the 
further rise in the boiling point. 

To obtain accurate results with 
liquids for which the molecular 
elevation is small, it is necessary 
to use a very sensitive ther- 
mometer. Such an instrument 
was devised by Beckmann for this 
purpose. It does not read the 
absolute boiling points of the 
liquids, but merely the difference 
in temperature of the boiling 
points of the pure solvent and of 
the solution. This is all that is 
required in the calculation. It 
consists of a large bulb connected to a very fine capillary tube, 
with a bulb at the top which can accommodate excess mercury. 
If the thermometer is required for measuring comparatively low 
boiling points, it is necessary to get most of the mercury up into the 
top reservoir and detach it from the main thread. T n this way the 
mercury may be made to appear on the scale at any desired tem- 
perature. This operation is known as “setting’" the Beckmann 
thermometer. For further details, the practical text-books should be 
consulted. ■ r .. , * 


Fig. 


179. — Beckmann’s Boiling-point 
Apparatus. 

[By permission of Messrs. Baird and 
T attack ( London ) Ltd.] 
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In more modem forms of the apparatus, electrical methods of 
heating are used. 

(6) The Landsberger Method. — This differs from Beckmann’s method. 
in that the solution is heated to the boiling point by passing into it the 
vapour of the pure solvent. Since, 
when the latter condenses, it gives 
up its latent heat, the liquid may be 
toiled by this means. The advant- 
age of this process is that there is 
no danger of superheating. The 
apparatus is shown in Fig. 180. 

The conical flask A contains the / ^ 

A delivery tube leads ( J 

tube B graduated in 1 1 j ] / 


pure solvent, 
from if into 

c.c.'s. Towards the top of this tube J HI jfi|~ ~ B 

there is a hole which communicates j \A / U Ij 

with the outer vessel C. A con- / \ £ J 

denser is attached at D. A ther- j \ 11 

mometer also passes into the tube ! I 

II First, a small quantity of the v ^ 

pure solvent is^p'ut into B, and the « tOA . , f T i 

1 ■ • . •% J . . Fia. 180. — Apparatus few the Lands- 

vapour of the solvent IS blown into berger Boiling-point Method. (The' 
it until the temperature indicated smail hole at the top of B cannot 
by the thermometer remains con- be shown in the figure.) 

stant. This temperature is noted. It is the boiling point of the pure 
solvent. Now a weighed amount of the substance under test is added 
to B, and the passage of the vapour is continued until the temperature 
is again constant. This is the boiling point of the solution. The volume 
of the solution is noted. Knowing the density of the solvent, the mass 
of the solvent present in the solution, assuming the solute to occupy 
no volume, can be found. All the data necessary to enable the calcula- 
tion of the molecular weight to be made have now been obtained. 

(c) Cottrell's Method . — -In Cottrell’s apparatus an inverted funnel tube 
is placed in the boiling tube, which collects bubbles of vapour from a 
piece of porous pot in the liquid and pumps the vapour over the 
bulb of a thermometer, together with a stream of the boiling liquid. 
In this way it is ensured that t£e temperature indicated by the ther- 
mometer is more nearly the accurate boiling point of the liquid. The 
volume of solvent used is taken, and the mass of substance dissolved 
is known, so that the molecular weight can be calculated from a know- 
ledge of the two, boiling points. Note that in tins method the bulb of 
the thermometer does not dip into the liquid. 

(d) Swienioskmski ’s Method . — This is similar in principle to Cottrell’s 
method in that the vapour of the liquid and a*stream of boiling liquid 
are pumped over the thermometer bulb, but it has the advantage that 


m . DILUTE SOLUTIONS 

the thermometer is removed from the neighbourhood of the flame, anrl 

.82, A h a Mb . M. — tt. 

solvent P 4 few garnets are placed at the bottom of A to prevent super- 
solvent. g ^ * The wide tub e C carries a Beckmann 

thermometer, and is provided with a metal cylinder 
D resting on glass points inside the tube, to keep 
any direct radiation from the flame away from the 
thermometer. GG is an asbestos shield which 
serves a similar purpose. A Liebig’s condenser is 
attached at F to return the vapour of the solvent 
to the boiling-vessel. A known weight of solvent is 
placed in A, sufficient to cause a small quantity to 
enter the tube C. It is gently heated until it boils 
when vapour and liquid are pumped from the jet 
E over the bulb of the thermometer. The tem- 
perature indicated by the thermometer is taken 
when it becomes constant. A weighed pellet of the 



Stream oFV&pmf 
I and liquid 


Fig. 181. — .Cottrell’s 
Apparatus. 


WJUc-li LU ^ V r- 

substance of which the molecular weight is required is dropped down 
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the condenser and is dissolved by the solvent. The boiling point is 
again found. If desired, further weighed pellets of the solute may be 
added from time to time to provide further results. 

As such great care is taken to avoid errors due to superheating, other 
errors should also be minimised. Thus, the amount of solvent may 
decrease during the experiment if the condenser is not efficient. This 
may be tested by weighing the apparatus and liquid before the experi- 
ment, and again afterwards (the condenser and thermometer may, of 
course, be omitted). After subtracting the weight of solute added from 
the latter reading, the weight of apparatus and solvent after the experi- 
ment is obtained. This should be the same as at first. If not, the amount 
of solvent lost may be regarded as having been lost uniformly throughout 
the course of the experiment, and if the time when the solute is added is 
known, the amount of solvent present then can be calculated. This 
correction is only of importance where the solvent is very volatile, 
e.g. 9 ether. 

The rate of foiling should be kept constant by not altering the flame 
once the liquid has begun to boil. If the rate of boiling changes, the 
temperature indicated by the thermometer may be slightly altered. 
The least error in a molecular weight determination by elevation of the 
, boiling point by any of the above methods, is about ± 2 per cent. This 
error is mainly due to the difficulty in reading the temperature. Better 
results can be obtained by the use of resistance thermometers, but it is 
doubtful whether the additional complication of the apparatus is justi- 
fied. Since the method is usually employed to provide confirmation 
of a formula, an error of 2 per cent, in the result is usually of no 
account. ■ " V.:-; 

284. Connection between Osmotic Pressure and Elevation of 
Boiling Point. — This can be obtained by considering a reversible 
process as follows: Suppose that we have a solution in a cylinder 

provided with a frictionless piston, which 

is semi-permeable, allowing solvent to be 
removed osmotieally and reversibly. The 
osmotic pressure of the solution is P, and ** Vapour 

its boiling point T + dl\ T being the 

boiling point of the solvent, and dT the Solution 

'elevation. , Osmotic Pressure 

Stage L — By moving the piston, remove p 

a volume dv {the weight of which is dx) of .. 8,pt T * dT 

the solvent at the boiling point of the Sern j^^ aW ' e 
solution T 4* dT, The work done is - Pdv, 

Stage ft, — Allow' this volume of solvent, 
at temperature T + dT, to be evaporated 

isothermally. If L is the latent heat, the 183 ._ 0smotic pressure 

amount, of work done is Ldx. * axid elevation of boiling point. 
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Stage III . — Cool the vapour and the solution to the temperature T t 
adiabatically. . . • 

Stage IV. — Put the vapour in contact with the solution again at 
this temperature, and allow it to condense. It gives out an amount of 
heat L 1 dx } where L x is the latent heat at temperature T. 

Stage V. — Raise the temperature adiabatically to T + dT. The 
amount of work in this process is equal and opposite to that in 
Stage m. 

As the process is reversible, the algebraic sum of the work done in the 
various stages is equal to zero. Hence, 

- Pdv -J-. Ldx - L x dx = 0, 
or Pdv = Ldx - L x dx. 

To find the value of the right-hand side of this expression we may apply 
the expression for the efficiency of a reversible cycle {§ 106). Ldx is the 
heat taken in at temperature T + dT } and L x dx is the amount of heat 
given up at the lower temperature T. 

The efficiency of a reversible cycle is: 

Qi Q 2 

Qi T x 9 

where Q x is the heat absorbed at temperature T x , and Q 2 is that given 
out at temperature T r We thus have 


Hence, 


T+dT - T 
T + dT ' 

Pdv i 


Ldx = Ldx — L x dx. 
dT 


• • Ldx. 


T + dT 

Put dxjdv == p, the density of the solvent. Then we obtain, 


p_Lp.dT 

, .. - 

T % being the boiling point of the solution. This is the required 
relationship. 

The solution is dilute, so the osmotic pressure obeys the law P = cRT. 
At temperature T t this becomes P « cRT x> and hence 

which is the relationship between elevation of boiling point and con- 
centration c. 
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If the density Is taken as being approximately unity, the equation 

becomes 


molecuh 


al to 2 gin. -cals, per gram-mol. If it is assumed that one gram- 
• is dissolved in 100 gms, of solvent, then c becomes 0*01, and so 


T* X 0*01 


0*02 Tj 
L 


where K is the molecular elevation. The molecular elevation can thus 
be calculated from a knowledge of the latent heat of evaporation of the 
solvent, and its boiling point on the absolute scale. It was first put 
forward as an empirical rule, but it is clear from the above that it has 

some theoretical basis. 

Table LXXIII shows some values of the molecular elevation cal- 
culated for various solvents by the use of this relationship. It will be 
noticed that tlie agreement between the observed and calculated 
values is good. 

289. Himerfeal Examples. — Some numerical examples will now be 
given in order to show exactly how data obtained from the experimental 
determination of the elevation of the boiling point can be used in the 
calculation of molecular weights. 

(1) Ten gms, of a substance dissolved in 100 gms. of water raised its 
boiling point by 0*98° C. Calculate the molecular weight of the sub- 
stance. The molecular elevation for water (100 gms.) is 5*2° C, 

Since M gms. of solute (where M is its molecular weight) raise the 
boiling point of 100 gms, of water by 5*2° C., the weight raising it by 

0*98° will be ill X This must be equal to 10 gms. 


lienee, 


0*98 M 


0*98* 

— 53*07, . x/v; 

The molecular weight Is 53*07. * 

(2) What elevation of the boiling point of alcohol is to be expected 
when 5 gms, of urea (molecular weight 60) are dissolved In 75 gms. of it? 
The molecular elevation of alcohol (100 gms.) is 11*5° C. 

The gram-molecular weight of ’urea (i.e., 60 gms.) would raise the 
boiling pomt of *100 gms. of alcohol by 11*5° C. Five gms. of urea 
would therefore elevate the boiling point of 100 gms. of alcohol by 
. 1.1 9 I; 

. V* V . V 

12 . ■■■■• ■ ■■ • : 




. / 


1 BH 
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A s the urea is dissolved in 75 gms. alcohol, the elevation will be 


11*5 X 100 0( 
12 X 75 


0. = 1*28° 0. 


286. limitations of the Method,— In addition to the occurrence of 
abnormalities in the molecular weights of substances determined by 
this and all colligative property methods, which are to he noted later on 
{§ 291), it must be borne in mind that the solutes that can be used in the 
boiling-point method are limited to those which are not volatile. The 
substance dissolved must remain entirely in the liquid phase during the 
experiment. The method could not, then, be used to find the molecular 
weight of a substance like alcohol, or any other easily volatile substance. 


Vapour 

Pressure 



Fig. 184, 


It has been pointed out by Lowry that the escape of the solute into the 
vapour phase corresponds to having a leaky membrane in determination 
of osmotic pressure. 

287. Depression of the Freezing Point,— Just as lowering of the 
vapour pressure causes directly an elevation of the boiling point, so 
it directly conditions a depression of the freezing point. That this must 
be so follows from a consideration of the vapour pressure curves of the 
solid solvent, the liquid solvent, and the solution. These are shown in 
Fig, 184. The freezing point of the pure solvent is given by the abscissa 
of the point P, where the vapour pressure curves of the solid and liquid 
solvent intersect. If the vapour pressure of the solution is less than that 
of the liquid solvent, the vapour pressure curve of the solution must 
Intersect the curve for the solid solvent at a point P 1? corresponding to a 
lower temperature. Equimolecular weights of substances dissolved in 
the same weight of a Solvent depress its freezing point by the same r 
amount. * : j 
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The first experiments on tiie depression of the freezing point were 
carried out by Blagden in 1788. He noticed that the freezing point of 
water was depressed by the presence of dissolved 
salts, and that the depression was proportional to t! 

the concentration. His results were, however, |) 

overlooked, until revived by de Coppet in 1871, jlj 

and by Raoult in 1882-84. [ j 1 ^ 

As in the case of the elevation of the boiling A I 

point, a table can be drawn up giving the mole- if| 

cular depression for certain solvents. The figures \ !{j| 

given (Table LXXIV) are those obtained by the __ [■ ^ j|l 

dissolution of one gram-molecule in 100 gms. of E|S;j 

the solvent. Note that the figures are not the ilfy 

same as for the elevation of the boiling point. j !i;j|ph 

288. Experimental Determination of the fefeihlfel! 
Depression of the Freezing Point— The best 
method is that clue to Beckmann. The apparatus 
is shown in Fig. 185. It consists of a large outer 
vessel, which eoiitaiixs a freezing mixture. A tube, 
about the size of a large boiling tube, is suspended 
in It, and inside this is the freezing tube, which is 
provided with a side tube for the introduction of 
the weighed solid, a stirrer, and a Beckmann thermometer. The 
thermometer is first set so as to obtain the freezing point of the pure 
solvent towards the top of the scale. The apparatus is then set up and 
the freezing point of a known weight of the solvent is determined. The 
solvent is allowed to supercool a little below its freezing point, and is then 
stirred vigorously in order to start crystallisation. As the freezing starts 
the temperature rises, and remains steady at the freezing point. A 
weighed pellet of the substance under investigation, is now added 
through the side tube, completely dissolved, and the freezing point of 
the solution found. Any considerable degree of supercooling should be 
avoided, sine© separation of much solid solvent increases the concen- 
tration of the solute. b 

East’s method makes use of the fact that camphor has a very high 
molecular depression. One gram-molecule of a substance dissolved in 
1,000 gms. of camphor produces a depression -of 40° C. , In this case the 
depression is so great that an ordinary thermometer may be used for the 
determination of the freezing point 

A known weight of the substance under investigation is mixed with a 
known weight of camphor, and the two are intimately fused together, 
the mass allowed to cool and then broken up. The melting point of the 
mixture is then determined in the usual way i# a capillary tubf. The 
melting point of pure camphor is also determined. The molecular weight 


Fig. 185. — Beck- 
mann’s Freezing- 
point Apparatus. 
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is then calculated from a formula similar to that for elevation of boiling 
point (§ 282). 

Some compounds with higher depression constants than camphor 
are known. They are all members of the hydroaromatic class. Pirsch 
(1933) has found that camphorquinone has a high constant (457° C. for. 
100 gins.), and has a fairly high melting point (197*2° C.), and good 
solvent properties. With pinene dichloride and pinene dibromide., the 
constants are 562° C. and 809° C. respectively. These two substances 
form a continuous mixed crystal system, and the depression constant is 
additive for these mixtures, i.e., it is a function of the composition of the 
mixture. Bomylamine gives a molecular depression constant of 406° €., 
and is especially useful in determining the molecular weights of alkaloids. 


Table LXXIV.— Moleculab Depeession 
(per 100 gms. solvent) 


Solvent. 

K° C. 

.rcalc^f 2 . 

Water .... 

18*5° 

18-6° 

Acetic acid 

30° 

. 38-2° 

Phenol . " . 

53° 

50-5° 

Camphor 

400° 

— 

Naphthalene . 

69° 

69*5° 

Benzene 

51-2° 

50*7° 

Camphor quinone . 

457° 

— 

Pinene dichloride 

562° 

— 

Pinene dibromide 

809° 

— 

Bomylamine . 

406° 

— 


It has the disadvantage of being very volatile at the melting point, and 
hence sealed melting point tubes must be used. 

Raoult suggested that there might be some connection between the 
molecular depression and the molecular weight of the solvent, but no 
simple relationship has been discovered. v; 

289. Connection between Osmotic* Pressure and Depression of the . 

■ Freezing Point. — By means of a thermodynamic cycle exactly similar 
to that used in the case of elevation of boiling point, the relationship 1 
between osmotic pressure and depression of the freezing point can be ; 
derived. The student is recommended to attempt this for himself. 

The final relationship is 

v^Lp.dT 




where p is the density of the solvent, ST, the depression of the freezing 
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point, and T 0 the freezing point of the solution, and L the latent heat 
of fusion of the solvent. As before, we can substitute the value of the 
osmotic pressure and obtain the expression 


This gives, as before, 


dT 


K 


RT n 


Lp 


Q-02T 2 


This enables the molecular depression, K, to be calculated if the latent 
heat of fusion of the substance, L, and its freezing point on the absolute 
scale are known. 

£90. Numerical Examples— (1) Fifteen gms. of a substance dis- 
solved in 150 gms. of water lowered its freezing point by 1-2° 0. Find 
the molecular weight of the substance. The molecular depression for 
water is 18*5° 0. (100 gms.). 

Since 15 gras, of substance are dissolved in 150 gms. of >vater, 10 gms. 
are dissolved in 100 gras, of water. 

One gram-molecule of the substance, dissolved in 100 gms. of water, 
depresses the freezing point by 18-5° C. Hence, if M is the molecular 
M X 1*2 

weight .of the substance, — gms. of it will depress tjie freezing 

1.0*5 

point of water by 1-2° C. This weight must be equal to 10 gms. 

l-2JLf 


18-5 

M 


= 10 


185 

1-2 

154-2. 


(2) A sample of pure prismatic sulphur melted initially at 119-25° C., 
but in the course of a few minutes the melting point fell to 114-5° C. 
When the sulphur had completely melted at this temperature the liquid 
sulphur was plunged into iced water; 3-6 per cent, of the resultant solid 
sulphur was then found to be insoluble in carbon disulphide. Deduce 
the molecular formula of the type of sulphur insoluble in carbon disul- 
phide. The latent heat of fusion of sulphur is 9 cals, per gram. {St. 
Catharine’s College, Cambridge, Sokol., 1932.) 1 

We can obtain the molecular depression of sulphur, K, from the 
Rule (§ 289), 




0-02T 2 


where T is the freezing point of the pure sulphur on the absolute scale 
and ■ ■ : 

1 This question is quoted by pennis%ion of the Syndics of the Cambridge Univer- 
sity Press. » 
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L is the latent heat of fusion. 
Now, T = 119-25° C. = 392*25° Abs. 
and L = 9 cals, per gram. 



0-02 X (392*25) 2 
9 

341*8° 0. 


After the melting, some SA is formed, and the melting point is lowered 
100 gms. of the mixture contain 3*6 gms. of SA. Hence, 96*4 gms. of 
solvent contain 3-6 gms. of solute. The depression is 119*25° - 114*5° = 
4*75°. Let M be the required molecular weight. Then, M gms. dissolved 
in 100 gms. of sulphur depress the freezing point by 341*8° C. 

Jf 

Hence, — — X 4*75 gms. in 100 gms. of sulphur depress the freezing 
341*8 

point by 4*7 5° C., and X gms. in 96*4 gms. of sulphur 

depress the freezing point by 4*75° C. 

This weight must be equal to 3*6 gms. 



3*8 X 341*8 X 96*4 
4*75 X 100 


= 249*8. 


This corresponds to the formula S 8 (approximately). 

291* Abnormal Molecular Weights.— Since all the properties 
described in this chapter are proportional not to the weight of substance 
dissolved, but to the molecular concentration of the solution, the effects 
must be due to the numbers of molecules of solute in the solution. If, 
then, a substance does not dissolve as single molecules, the effects will 
not indicate the true molecular weight of the substance as shown by the 
formula. 

Thus, if a substance associates in the solvent, then the number of 
individual particles present will be half what there would be if associa- 
tion did not occur (assuming the association of single into double 
molecules). The molecular weight indicated by these methods will then 
be double the true molecular weight, as indicated by the formula. 

^ Similarly, if dissociation occurs (§ 2*97), as it does whenever a metallic 
salt is dissolved in water, the number of individual particles (this time 
the ions) is greater than the number of molecules that would otherwise 
be, present in the solution, and the molecular weight indicated by these 
methods is smaller than that derived from the formula of the substance. 

Van’t Hoff introduced into the osmotic pressure equation a factor $, 
which would include these anomalies. The osmotic pressure 'equation 
then becomes * . . 


pf = %et: 
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For normal solutions i = 1, but for abnormal solutions the factor is 
obtained by dividing the experimental value for the molecular depression 
by the nornfal value. Thus, when one gram-molecule of sodium chloride 
is dissolved in 100 gins. of water the molecular depression is 36, whereas 
the value for a noma! substance is 18-5. Hence, i = 36/18*5 = 1*94. 

It is possible to calculate the degree of association or dissociation 
from the values of the molecular weight determined by any of these 
methods. Let us consider first the case of association . Let the degree 
of association be x, and % the number of molecules which come together 
to make the associated molecule. If 1 gram-molecule of the substance 
is considered, the simple molecules left will be 1 - x gm.-mol. The 
associated molecules formed will be x(n gm.-mol. Hence, the number of 
particles in solution will have been reduced in the ratio 1/(1 - x + %fa). 
If the molecular weight is determined by the depression, of the freezing 
point and F 0 is the observed depression, and F c the calculated depression 
assuming no association, then 


M c = calc, molecular weight 
M 0 = observed molecular weight 


For dissociation, let x be the degree of dissociation and n the number of 
Ions formed from one molecule, then the actual number of particles 
present is 1 - % -f* nx times greater than it would be in absence of 
dissociation, and the ratio F & to F c is given by 


M 0 (»-l)' 

292* Real Solutions. — Real solutions only behave ideally when 
they are dilute, In order to express the relationship between vapour 
pressure and concentration in a real solution, it is necessary to replace 
concentration in the various ideal relationships by activity (a). Activity 
is related to concentration by the equation a = fc where c is the 
coneentmtion and / is called the activity coefficient. The activity 
co-efficient Is a measure of the Seviation of the solution from ideality; 
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In theoretical discussions of real solutions, solutions of electrolytes and 
non-electrolytes are treated separately. The deviations of the former 
are calculated mainly on the basis of the electrostatic forces between 
ions (see Chapter XV). For non-electrolytes, the deviations are * 
considered in terms of solvent-solute interaction forces and in terms of 
differences in size of the molecules of solvent and solute. 

We will now consider solutions of non-electrolytes. If / is greater 
than one (when concentrations are expressed as mol fractions), the 
deviations are called positive deviations; those for which / is less than 
one are called negative deviations. The vapour pressure curves for 
positive deviation are given in § 249, Fig. 148 (c); those for negative 
deviations are Fig. 148 (6). 

The free energy of mixing of N x mols of one component with N% 
inols of another in the formation of an ideal solution at temperature T 
can be shown by thermodynamic methods to be 

JSfJCtT log, N t + N Z RT log, N r 

This mixing involves (like any other natural process) a decrease in 
free energy. Now AG = AH - T AS. But for ideal solution forma- 
tion AH = 0 and lienee AG = - T AS. 

^ - A 8 - R{N 1 log, N x + N 2 log, N 2 ) , 

For the formation of an ideal solution, the entropy increase is what 
would, be expected from the increased randomness of the components 
on mixing. For positive deviations AG is less negative. That is the 
solutions mixed less readily and if the deviations are great AG may 
become positive and the liquids will be non-miscible. Curves of AG 
plotted against the composition of a mixture usually have one minimum 
as curve a in Fig, 186, but for solutions with large positive deviations 
from ideality there may be two minima (as curve 6 in Fig, 186). For 
all compositions represented on the curve by points between the 
minimum points A and B the solution will separate into two layers of 
composition equal to those at A and B. As the temperature is raised 
the solutions will tend to move towards ideality until the curve of AG 
against confposition will become as curve c, Fig. 186. Here the two 
minima have coalesced into one and the components are now miscible 
over all compositions. The temperature at which this occurs is the 
critical solution temperature (§ 244), 

For negative deviations AG is more negative than for ideal mixtures ; 
and the tendency for the components to mix is greater than that shown 
by ideal components. * 

In non-idea! solutions the heat of solution AH may be positive or 
negative while AS (the entropy of mixing) may be equal kfor greater 
or less than the Idea! value. Hildebrand has classified the various j 
types of non-ideal solutions on the basis of the type of deviation of ; }' 
AH and A S from ideality. He attempted to give a theoretical account ' :f 
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of the behaviour of solutions in terms of intermolecular interactions. 
Deviations from ideality may be caused in a number of ways. For 
example if the sphere marked e V’ in Fig. 187 is a solvent molecule 
surrounded by other solvent molecules there are definite intermolecular 
forces between 'V 5 and its neighbours. If “x” is replaced by a solute 
molecule the intermolecular forces now affecting the molecule at “x” 


Fig* 186. — .Relation between Free Energy 
of Mixing and Composition of a Solution. 


Fig. 1ST. — Hypothetical Distribution of 
Molecules m liquid. 
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may be changed. This will lead to deviations from ideal behaviour. 
Deviations are also due to compound formation between solvent and 
solute (for example the formation of hydrates in aqueous solutions) 
and also to association of the solute or the solvent molecules. 


SUGGESTIONS FOR FURTHER READING 

Hixdebbakd, J. H. and Scott, R. L. “The Solubility of Non-Electro- 
lytes.” ( Reinhold Publishing Corpn., 1950.) 
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293. Types of Conductor. — Fairly early in the history of electricity 
it was realised that solid substances fell roughly into two classes — 
conductors of electricity and non-conductors, or insulators. This was 
known before the discovery of the phenomena of voltaic electricity. 
When, however, Volta made his cell (1799), the conduction of electricity 
by liquids was investigated, and in the year after the cell was made the 
products of decomposition of water when the current was passed 
through it were being studied. It was soon discovered that most liquids, 
unlike solids, were decomposed by the current when* it was passed 
through them,. As soon as the current stopped, the decomposition 
ceased, indicating quite clearly that the decomposition was in some way 
bound up with the passage of the current. Also, the products appeared 
only at the poles, where the electricity entei%d or left tjie solution. 
These liquids, which undergo decomposition, were later called electro - 
lytes by Faraday. He also gave names to the poles, the positive pole, 
at which the electricity was supposed to enter the solution, being 
called the anode, and the negative pole, where it was supposed to leave, 
'the' cathode. 

Since that time it has been discovered that it is solutions of acids, 
bases and salts which undergo decomposition in this way. 

All that is apparent in electrolysis is a decomposition of the solution 
at the electrodes. It may be pointed out that a certain minimum electro- 
motive force must be applied to the electrodes before electrolysis will 
occur. This minimum voltage varies from electrolyte to electrolyte, and 
also depends upon the nature of the electrodes. The reason for its 
existence is that the products of the electrolysis in contact with the 
electrodes cause a back electromotive force (e.m.f,), which must be 
overcome before electrolysis will, take place. It is called a polarisation 
e.m.f. The hydrogen gas in contact with the platinum electrode in the 
electrolysis of water causes a back e.m.f,, since it acts as a voltaic cell. 
Where there is no polarisation, this minimum e.m.f. is no longer 
necessary. Thus, the smallest applied potential will bring about the 
electrolysis of copper sulphate between copper electrodes. In all cases 
there is a small amount of decomposition as soon as the e.m.f. is applied, 
no matter how small it is, but unless the applied e.m.f. is greater than 
the polarisation e.m.f. there is no further decomposition (see also 
s mia * ' • - : • & : .L 
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294. The Grotthus Chain Theory. — The peculiar fact that decom- 
position in electrolysis takes place only at the electrodes and not in the 
bulk of the solution was first explained by Grotthus in 1805. He 
supposed that the passage of the current, and the chemical changes 
produced by it, were due to the successive decomposition and recoin- * 
bination of particles of the dissolved substance. In Fig. 188 the mole- 
cules are AR, AB, etc. As soon as the electrodes are placed in the 
solution, these molecules are turned in the direction shown in the 
figure (I), Owing to the attraction of the electrodes, A is split off at one 
end, and the B part of the molecule finds itself free (II), so it attacks the 
next molecule to it, depriving it of its A portion. This goes on all along 
the chain until the B part of the end molecule next the electrode finds 
itself without any further molecules to attack, and so is liberated at the 
electrode opposite to that at which the A w r as originally set free. It 
will be seen from this theory that the two parts of the molecule liberated 
in electrolysis do not come from the same molecule, but from entirely 
different ones/ When the B part has been liberated it is seen from the 
figure that the molecules are all the reverse way round to what they were 


II b 
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Fig. 188.— The Grotthus Chain Theory. 


to start with, and so, before further decomposition takes place, they 
must all be turned round by the attractive force of the electrodes (III). 

This theory was disproved by the fact that Ohm's Law (which states 
that the current (I) flowing in a circuit is proportional to the applied 
electromotive force (E), the ratio E/I being the resistance E) was found 
to apply to solutions of electrolytes, and hence all the electrical energy 
was used in overcoming the resistance of the solution and none in 
breaking up the substance into the parts A and B referred to above. 

295. Faraday’s Laws of Electrolysis.— -The quantitative laws^ 
governing the decomposition of electrolytes by the electric current were 
derived by Faraday in 1834. These have been referred to already in 
Chapter II., but will be repeated here. Faraday gave the name “ions” ? 
to the parts into which the molecule was decomposed on solution (§ 297), > ' 
His two Laws of Electrolysis are;—* " J || 

(1) The amount of decomposition caused in electrolysis is propor- 
tional to the quantity of current passed. 

, (2) For the same quantity of electricity passed through different- 
, solutions the amount df decomposition is proportional to the equivalent 
of the element, or group, liberated. c - • \ 
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Thus, if the same current is passed for the same time through solutions 
of copper sulphate, silver nitrate and lead nitrate, the amounts of 
metal deposited at the cathode are proportional to the equivalents of 
* the metals, i.e., to 31*78, 107*88 and 103*61 respectively. 

The verification of these Laws is a fairly simple matter, and is dealt 
with in Physics. 

: 296, The Theory of Clausius, — After the failure of the Grotthus chain 

r theory to account satisfactorily for all the facts of electrolysis, no further 
i theory seems to have been put forward until that of Clausius in 1857. 

[ It is true that Faraday modified the Grotthus theory, but not to any 

j great extent. Clausius stated that in solution an electrolyte is invariably 

\ split into its ions, and that there is an equilibrium between the ions and 

l the undissociated electrolyte. Only a minute proportion of the free ions 

i was supposed to exist at any one time. The free ions were charged, and 
| ^ therefore travelled towards the electrodes bearing the opposite charges, 

| and there became discharged and liberated as the ordinary products of 
I electrolysis. * 

I * This theory was satisfactory, but there was no quantitative expression 
bound up with it. That was left to Arrhenius. 

297* The Arrhenius Theory of Electrolytic Dissociation*—- It has 
1 been mentioned (§ 291} that electrolytes give anomalous results in 1 

I osmotic pressure determinations, and that van’t Hoff therefore intro- 

duced the factor i in the expression 

; PV - iRT , ' . /Y : ; ; \ Y. 


to cover these anomalies. Similar anomalies were also found in the 
lowering of the vapour pressure, and depression of freezing point, and 
elevation of the boiling point, since all these properties are connected 
with osmotic pressure. Arrhenius (1887) stated that these anomalies 
could be accounted for if it were assumed that the dissolved substance 
were partly broken up into electrically charged atoms or groups, called 
ions, and this assumption was supported by the fact that the substances 
which gave the anomalous results were all of them electrolytes. Arrhenius 
took this view not only on the basis of abnormalities in osmotic pressure 
and other colligative properties, {rat also as a result of a great deal of 
work on the conductivity of solutions of electrolytes. From the results 
of osmotic pressure and electrical conductivity he was able to state the 
extent of the ionisation. 

This view was also put forward* by Planck in the same year, though 
he studied jit from the point of view of thermodynamics. He was able to 
say that tile observed abnormalities of freezing point, etc., could only be 
brought into harmony with thermodynamical laws if the molecules 
were supposed to be broken down into parts to £bme extent* . 

This theory of electrolytic dissociation has played a very great part ' 


v * A ii 



■■ ■ ■ - . 

' ; ',X f r 





502 


ELECTRICAL CONDUCTION IN SOLUTIONS 


in the development of electrochemistry. According to this theory we 
must suppose that immediately an electrolyte is dissolved in water it is 
at least partly dissociated into its ions, which are free and moving about 
with random motion in the liquid. When the e.m.f. is applied, the ions ' 
are attracted towards the electrodes bearing the opposite sign, and when 
they reach it they are discharged and appear at the electrode in their 
normal condition. 

This theory, when it was first put forward, met with the greatest . 
opposition, and some of the arguments against it are worth while 
mentioning here. The arguments for it are given later (§ 314). 

(1) In many cases the ions produced were of substances which would 
react with water in the ordinary state. It was argued that the sodium 
ion could surely not exist in the presence of water, having regard to the 
well-known violent action of sodium on water. Also chlorine could 
surely not exist in the free state in a solution of sodium chloride, since 
it is a green gas. But this argument arises from a misconception of the 
theory. The theory states that the ions of these substances, and not the 
substances themselves, exist in solution. The ions are the charged atoms 
or groups, having lost or gained electrons (§ 73). The point is very 
clearly brought out when we consider the difference between an ion and 

/an atom according to the electronic theory. 

(2) It was said that the affinity between the different parts of the 
molecule, e.g sodium and chlorine in sodium chloride, was very great, 
and that the mere fact of solution in water should be insufficient to 
break down the bond between them. It is not, however, the affinity 
between the atoms, but that between the ions, that is in question. It is 
now known that common salt is ionised even in the solid state. 

(3) If there are ions in solution it w r as argued that it ought to be , 
possible to separate them by diffusion. The electrical charges carried 
by the ions would however tend to prevent this; being equal and 
opposite, they would tend to keep the ions in the form in which they 
occur in the space lattice of the crystal. It is, however, possible to effect 

a slight separation by diffusion. Telman (1911) centrifuged solutions of 
certain iodides, and found that the ends of the tubes containing the $ 
solution became charged oppositely, presumably owing to the heavier 
iodide ions being in excess at one end, and the lighter metal ions at j 
the other. 

(4) It was at first thought that all instantaneous reactions in solution 
were due to interaction between ions. Several such reactions between ■ 
substances in non-conducting solutions were, however, discovered, and 
these were brought forward as arguments against* the dissociation 
theory. It is now known that instantaneous reaction need not necessarily ; 
take place between ions, so this argument carries no weight. 

Numerous other objections were put forward, and other methods of i 
* explaining the anomalies in the colligative properties were given, but 





where S is the resistivity, or specific resistance. 

The reciprocal of the resistivity is called the conductivity, k 3 of the 
material 

These definitions apply equally to electrolytes and to solids, though 
the matter is somewhat complicated in the case of electrolytes by the 
conductivity being dependent upon concentration, and therefore, to 
obtain comparable results for different solutions, it is necessary"*' ~ 
compare their conductivities at equivalent concentrations. 

The equivalent conductivity is defined as the conductivity multiplied by 
the volume in ex, containing 1 gm. equivalent of the electrolyte . »It is usually 
given the symbol A . Hence if tc is the conductivity, and V the volume 
containing 1 gm. equivalent, 


The molecular conductivity is the conductivity multiplied by the volume in 
cx. containing one gram-molecule m of the electrolyte . It is usually given 
the symbol p. 

Having*define3 the terms, it is now possible to proceed to the method 

1 Strong electrolytes are those electrolytes which do not obey OstwaM’s Dilation 
Law (§ 318), and the class comprises most electrolytes ^rhich give good conducting 
solutions at moderate dilutions. Ttus definition will b© more clearly understood 
after reading Chapter XV. : . 

■ ygg 


all have been shown to be of no importance. The evidence for the truth 
of the theory of dissociation is now so strong that it is held by every 
chemist. 

The vietv of Arrhenius was that all electrolytes are partly dissociated 
into their ions on solution in water. It is now believed that certain 
substances, called strong electrolytes 1 (e.g., sodium chloride, hydrochloric 
acid, etc.), are completely dissociated in aqueous solution. The apparent 
degree of dissociation shown by these electrolytes is due to interionic 
forces. This view will be developed in § 302. 

298. The Determination ol the Conductivity ol an Electrolyte.— 
The resistance of a circuit is given by Ohm’s Law as the ratio of the 
applied voltage to the current which flows. Thus 
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E/I - R, 

where E is the voltage in volts, I the current in amperes, and E the 
resistan.ee in ohms. 

In order to be able to compare the resistances of different substances, 
the resistivity is used. This is defined as the resistance of a specimen of the 
material of lenglh 1 cm., and 1 sq. cm, . area of cross-section . If l is the 
length of a conductor, and a its area of cross-section, and E its resistance, 
then it follows that » 


R * Sl/a, 
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of determining the conductivity of an electrolyte. We will suppose that 
we require the equivalent conductivity of a solution of common salt at - 
25° 0. The temperature must be specified, since the resistance varies 
considerably with temperature. 

A modification of the Wheatstone’s bridge method of determining the 
resistance of a solid conductor is used. The solution of which the 
resistance is required is placed in a special cell, a common form of which 
Is shown in Fig. 189. It is necessary that the 
distance between the electrodes should remain % ( 

quite fixed during an experiment, yet it is desirable 
not to have them permanently fixed. The distance ^|. rrr ^ rr , 
apart of the electrodes and their area of cross- 
section must be known, if it is desired to determine 
the conductivity of a substance without the use of a 
reference electroly te. It is very difficult to measure 
these, and so it is usual to determine the resistance 
of a solution of potassium chloride of known con- 4g 

centration ^usually in the cell, and, from the 

known conductivity of this solution, to calculate ' I 

the “cell constant”, i.e. $ the factor by which the 

observed resistance has to be multiplied to obtain " 

the resistivity of the electrolyte. Fig 189 

When a current is passed through an electrolyte, ductivity Cell, 
polarisation of the electrodes occurs if gases are 
evolved during the electrolysis. The presence of the layer of gas at the 
electrodes causes a considerable increase in the resistance, and in con- 
ductivity measurements must be prevented. This is usually done by 
employing a rapidly alternating e.m.f., which, if it is symmetrical, pro- 
duces no polarisation, the polarisation produced by one half of the wave 
being immediately neutralised by that due to the other half. As a source 
of the alternating current, Kohlrausch used a small induction coil, 
though actually this gives not pure alternating current, but a pulsating 
direct current, and cannot be used for very accurate work. High- 
frequency generators have been used^but the ordinary wireless valve 
is* most commonly employed. It Is found that the conductivity of a 
solution varies with the frequency of the current used, so that for very 
accurate work the frequency should be known. Further, to avoid 
polarisation, the electrodes, which are of platinum, are coated with 
platinum black by electrolysing a solution of platinic chloride in the cell 
before any experiments are done with it. 

An ordinary galvanometer will not detect an alternating current. 
Galvanometers can be n&tde for alternating current, but they are not, as 

* ' rale, .so sensitive as direct-current' instruments. Telephones are 

. 
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frequently used, sometimes in conjunction with a valve amplifier, for 
greater sensitivity. 

The circuit is arranged as shown in Fig. 190. The sliding contact C is 
moved along the bridge wire AB, until the position giving minimum 
sound in the telephones T is obtained. The ratio of the lengths of the 
bridge wire is equal to the ratio of the resistances: — 

Besistanee of electrolyte AC 
Besistance in box ~~ BC 

In earning out an experiment, the electrodes of the cell are first 
platinised by putting some platinum chloride solution into the cell, and 
passing the current for half-minute intervals in each direction. When the 
electrodes are thoroughly blackened, they are removed, and the cell and 
electrodes thoroughly washed with distilled water. The cell is now filled 


Source of 

Alternating Current 

Fig. 190. — Circuit for determining Conductivity, 


with distilled water, and its resistance determined. If the resistance is 
less than 2 to 4 megohms, the electrodes still contain soluble matter, 
which must be removed by further washing. The washing must be 
repeated until the resistance reaches the above figure. , For accurate 
work the cell should be placed in a thermostat, the usual temperature 
being 25° C. The cell is now filled with a potassium chloride solution 
containing (H gram-equivalent in 1 litre, and the resistance found. The 
conductivity of a Nj 10 potassium chloride solution is known (Table 
LXXV). The “cell constant” can now be calculated. The con- 
ductivity k is connected with the resistance by the equation 


where the symbols have the mappings given at the beginning of this 
paragraph. The «cell constant is and is thus found by multiplying 
$c by R. 

The mil is now thoroughly crashed out, as before, filled with the solu- 
tion racier test, and the reslsftaee again determined. If JT is the 


m 
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resistance, h the cell constant, then k', the conductivity of the solution, 
is given by 



Table LXXV,— Conductivity op D/10 1 Potassium Chloride 
at various Temperatures (Parker and Parker) 


Temp., a C. 

K. 

0° 

0-007129 

10° 

0-009316 

18° 

0-011163 

25° 

0-012852 


The molecular and equivalent conductivities of the solution are found 
by multiplying the conductivity, k\ by the volume in c.cs, containing 
one gram-molecule, and one gram-equivalent respectively. 

For very accurate work, solutions should be made up with specially 
purified water, known as conductivity water. It is not usually satis- 
factory to determine the resistance of the water and subtract it from 
the resistance of the solution. Kohlrausch and Heydweiller (1894) 
prepared very pure water by distilling it forty-two times, under reduced 
pressure. The water had a conductivity of 0-043 X 10“ 8 mhos. 2 It is a 
moot point whether this value has any real significance, as, by the 
process of distillation, the proportion of H 2 0 to HiO in water is altered, 
and the composition of Kohlrausch and HeydweiUer’s specimen is not 
known. 

For ordinary p'urposes conductivity water is prepared by distilling 
freshly distilled water with a small amount of potassium permanganate 
in a retort made of resistance glass, with a condenser of block-tin, or of 
resistance glass. Any corks used must be covered with tin-foil Several 
stills have been devised for the routine preparation of conductivity water. 

To illustrate the meaning of the terms an example may be taken. 

1 The symbol D/10 stands, for a concentration of one gram-equivalent in one 
cubic decimetre. The cubic decimetre is not exactly one litre, as at present defined, 
bt£fc is equal to 0*999073 litres. This arises from the fact that although the cubic 
centimetre was the original unit of volume, the litre has now been defined, not as 
1,000 but as the volume of 1 kilogramme of pure, air-free water at the tempera- 
turn of maximum density and under a pressure of 760 m in. This volume is not 
quite 1,000 c.c„ but a little greater. In order to avoid confusion, many workers use 
the m illil i tre {ml.} instead of the cubic centimetre (c.c.) as a uniih Since the volume 

^ involved in our definition of equivalent conductivity is the c.c., we must use the 
cubic decimetre instead of the litre if very accurate results are necessary. In the 
experiment, as described above, it would not be necessary to make this correction, 
m there are other sounds offeror of greater magnitude. 

2 The mho is the reciprocal ohm. 
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The resistance of a cell filled with Nj 50 potassium chloride at 25° CL was 
550 ohms. The conductivity of N/5Q KCI at this temperature is 0*002768. 
The ceil was then washed out and filled with an Mj 10 solution of zinc 
sulphate at the above temperature. Its resistance was then 72*18 ohms. 
What are the molecular and equivalent conductivities of the zinc 
s ulphate solution ? 

The cell constant is first obtained. This is equal to the conductivity 
of the KCI divided by the conductance measured. Conductance = 
1 /resistance, and for the solution of KCI = 1/550 reciprocal ohms, or 
mhos. Hence, the cell constant 

k = 0*002768/1/550 = 550 X 0*002768 
- T523. 

The conductivity of the zinc sulphate solution is therefore 

The molecular conductivity is the conductivity multiplied by the 
volume in c.c. containing one gram-molecule, in this case 10,000 c.c. 
Hence, the mdecular conductivity is 

« 0*02110 X 10,000 = 211*0. 

The equivalent conductivity is the conductivity multiplied by the 
volume containing one equivalent of the electrolyte. The equivalent 
of zinc sulphate is one-half of the molecular weight. The volume 
containing this will 'be 5 litres, and so the equivalent conductivity 
is 105*5. 

289- 1 Variation of Conductivity with Dilution.— Although the actual 
conductivity of an electrolyte becomes smaller as the solution is pro- 
gressively diluted, the molecular and equivalent conductivities increase 
with dilution until a maximum limiting value is reached. Curves for a 
few typical substances are shown in Fig. 191. The figures for potassium 
chloride are given in Table LXXVI. Note that the conductivity 
decreases, but the equivalent conductivity increases with increasing 
dilution. ■ : * 

300. Degree of Dissociation. — The limiting value approached by the 
equivalent conductivity as the solution is diluted is called the equivalent 
conductivity at infinite dilution . The amount of current passing clearly 
depends upon the number of ions present in the solution, for they are 
the sole carriers of the current, and also upon their mobility, or the ease 
with which they get through the liquid. The two factors, then, upon 
which the conductivity of a solution will depend are (a) the number of 
ions ancf (b) their mobility. Arrhenius assumed that the latter did not_ 
vary with dilution, and so the only reason for the increased equivalent 
conductivity must Me in the formation of more ions. At infinite dilution, 
he supposed that the electrolyse was completely dissociate!. Since the : 
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Table LXXVI. — Conductivity of Potassium Chloeide 
Solution at 18° C. 


Apparent' 4egrec 
of Dissociation:, 


: Volume containing 
1 gm.-equiv. 
Vex. 


. Equivalent: 
Conductivity, 


| Conductivity, 


..Concentration gra. 
equiv. per litre. 


0*00001291 

0*0001273 

0*001224 

0*0112 

0*0983 


current flowing is proportional to the 
number of ions present, the amount 
of dissociation at any dilution will be 
given by * 


J j j / a is called the degree of dissociation 

| I // * °f the electrolyte, and, of course, 

i f / j varies with the dilution. A v m the 

<1 \! j , . ■ equivalent conductivity at dilution v 

J (he., one gram-equivalent dissolved 

in v c.c. of solution), and Ac® is that 
^ o oitutpn^ at infinite dilution* This is an ex- 

Fio. 191. — Showing the Form of the tremeI y important relationship and 
Conductivity -dilution Curve. will be frequently used in what 

follows. 

It must he home in mind that although all electrolytes give a value 
for a, it is now believed that strong electrolytes are completely dissociated 
at all dilutions, and that a for them represents the effect of interiome 
forces on the mobility of the ions. It is therefore called the u apparent 
degree of dissociation” for strong electrolytes. 

801. Meet o! Dissociation on Osmotic Pressure and other Coliigative 
Properties* — It has already been mentioned that the osmotic pressure 
law’s do not apply to electrolytes, and that van’t Hoff used the expression 

PV = iET 

to take account of these anomalies (§ 2$1). It follows that i is equal to 
the ratio of calculated molecular weight to the observed value. It is 
Jfouad that the values of i are practically the same whether they are 
derived from osmotic pressure or freezing point observations, i varies 
with the dilution of the solution. 

The very fact that there is such a factor as i which must be introduced 
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in the osmotic pressure equation to explain the observations means that 
the molecules may be broken down into smaller parts. The natural 
assumption' to make, when the facts of electrolysis are known, is that 
these parts are the ions, and this is largely confirmed by the values of £ 
obtained. Thus, for potassium chloride, the value is 1*88; for magnesium 
chloride it is 2*68, and for calcium nitrate it is 2*41, the dilution in all 
cases being 20 litres (he,, 1 gm. -equivalent is dissolved in 20 litres). It 
will be noted that for a substance which splits into two ions (such as 
potassium chloride), the value of i approximates to 2, whilst for those 
which split into more than two ions it is greater than 2. The best proof 
of the connection between the phenomena of osmotic pressure and 
electrolysis is given by the fact that the degree of dissociation found 
from electrical conductivity agrees fairly well with that obtained from 
the osmotic pressure figures. If a is the degree of dissociation, then 


where n is the Qiimber of ions formed from one molecule of the electrolyte. 
The derivation of this equation is given in § 291, The figures in Table 
LXXVII enable a comparison to be made. 


Table LXXVII. — Degree of Dissociation from Freezing Point 
and Conductivity Observations 


Dilution. 
Volume in 
Litres con- 
taining 
1 gm.-equiv. 


« from 
Freezing 
Polnt. : 


a . from ' 
Conductivity, 


.Substance. 


Potassium chloride 


Potassium nitrate 


Hydrochloric acid 


Bodiura hydroxide 


Calcium nitrate 


Potassium ferrocyanide 
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The fact that the values of a obtained from conductivity and freezing 
point observations do not agree exactly for strong electrolytes points to 
the conclusion that the degree of dissociation for these substances is only 
apparent. As has been pointed out already, a is not a degree of dissocia- 
tion for strong electrolytes, but a measure of the interionie forces. 

302. Conductivity of Strong Electrolytes. — In previous sections it 
was pointed out that the conductivity of a solution of electrolyte 
depends on the number and the mobility of the ions present. It was 
also stated that Arrhenius assumed that the mobility of an ion was 
constant with variation in concentration and that the variation of 
conductivity with concentration was accounted for by a variation in 
the degree of dissociation of the electrolyte present. While the 
Arrhenius theory is adequate for weak electrolytes it does not hold for 
the strong electrolytes. It can be shown by several methods that 
strong electrolytes are totally ionised at all concentrations. One most 
striking illustration of this is the X-ray diffraction pictures of solid 
electrolytes which show that these compounds are ionised even in the 
solid state. The effect of dissolving the salt is merely to weaken the 
interionic forces. Tiffs is due to the high dielectric constant of the 
solvent, in this case water. The force between electrical charges, e x 

and e 2 is given by the equation Jg where r is the distance between the 

charges, and D is the dielectric constant. In a vacuum D is 1 and in air 
the value is slightly greater than 1. The dielectric constant of water is 
81. The effect of dissolving a salt in water is to reduce the attractive 
forces between the ions of opposite charge to about one-eightieth of 
- their value in air, and so the ions are free to move independently in 
solution. The effect of the dielectric constant of the solvent in 'the 
dissociation of a salt is considered again later (§ 312). The modern theory 
of strong electrolytes assumes that the variation of conductivity with 
concentration is caused by a variation in mobility of ions with concen- 
tration. This theory was originally devised by Debye and Hiiekel. It I 
takes account of the electrostatic forces between the ions. The main 
flaw in Arrhenius s theory is that these interionic forces are ignored. 

There is a tendency for an ion in solution to be surrounded by ions ' 
of opposite charge. We can think of each ion as being associated with ] 

an. ionic atmosphere of opposite charge. When a potential is applied 1 

* acroS8 a solution the ions will move to the electrodes; the cations will ! 
move towards the cathode and the anions towards the anode The 
motion of an ion towards an electrode b opposed by the ionie atmosphere 
m two ways. Firstly, as the ion moves its atmosphere will tend to 
, °? the lon “d ^ awa y behind it. If this process of 
bunding up and dying away were instantaneous the atmosphere would 
always be symmetrically placed about the ion; in fact a finite time is 
required for the build up and die away— this is called the .time of 
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relaxation. The result is that the atmosphere is asymmetrical about 
the ion during its motion; the centre of the atmosphere remains behind 
the ion with the result that the motion of the ion is retarded by the 
atmosphere. The effect is known as the relaxation effect. In addition 
’ the effect of an applied field produces a movement of an ionic atmosphere 
in a direction opposite to the movement of the ions. This motion of the 
atmosphere in the direction opposite to the ions produces another 
retarding effect on the , motion of the ion; this effect is called the 
electrophoretic effect. 

As the concentration of ions in a solution gets less the radius of the 
atmosphere about each ion will increase and both electrophoretic and 
relaxation effects will decrease. Hence the mobility of the ion will 
increase. The original calculations of Debye and Huckel were improved 
by Onsager. He deduced an equation of the form 

A* = A® - (-4 A® ~ B)V2G 

* 

where A and B are constants and c the concentration of ions in the 
solution. Plots of A c against V2C for various salts at low concentra- 
tions give straight lines, the slopes of which are those predicted by the 
Debye-HiiekebOnsager equation. At higher concentrations experi- 
mental and theoretical curves are not in such good agreement. This is 
due to two causes: firstly in the calculation a number of assumptions 
are made that only apply to dilute solutions; secondly at higher concen- 
trations effects such as ion association may come into play. The theory 
does not allow for such effects. 

While the variation of conductivity of strong electrolytes is due 
mainly to changes in ionic mobility the variation of conductivity for 
weaker electrolytes is mainly attributed to the variation in the degree 
of dissociation. However, the ionic atmosphere effects also operate 
for weaker electrolytes although, of course, they are much smaller than 
for strong electrolytes because the number of ions is much smaller. 
For a complete theory of weak electrolytes the Arrhenius theory must 
be modified by inclusion of these effects. * 

803. Conductivity and Viscosity.— Experiments have been carried 
out which indicate that there isjam increase of resistance of the solution 
with increase in viscosity, the ions being hindered in their motion; J>ut 
this effect is not simply bound up with the viscosity. It has been supposed 
that the conductivity is inversely proportional to the viscosity, but it is 
probable that the law is not so simple as this. If it were, there should be 
very little conductance through an electrolyte dispersed in a jelly, 
whereas*the conductivity appears to suffer very little by this. * 

304. Effect of Temperature on (bnductivity. — The conductivity of 
an electrolyte rises with temperature. The effect is probably due chiefly 
to alteration of the mobility of the ions, and not of their number. In '' 
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f turn, tMs variation of mobility may be affected by change in viscosity 

of the solution. * 

^ Independent Mobility of Ions Kohlrausch, from a study 

of the equivalent conductivity of various electrolytes at infinite dilution 
: found certain relationships. Thus, if we take the two salts potassium 

\ chloride and nitrate, and compare their equivalent conductivities at 

infinite dilution with those of the corresponding sodium salts, we have 





1 




Sodium. 


Chloride 
Nitrate . 



130-10 108-99 

126-50 105-33 



The value (KCI - KN0 3 ) = 3-60, whilst (NaCl - NaN0 3 ) = 3-66 
(KC1 - NaCl) = 21-11, and (KNO s - NaNO a ) = 21-17. Thus, the 
difference of two anions is constant, as is also the difference of two 
cations. This led Kohlrausch to state that the equivalent conductivity 
at infinite dilution was made up of two parts, that due tr the anion and 
that due to tne cation. If we have a salt such as silver nitrate, its equiva- 
lent conductivity at infinite dilution wfil be the sum of two terms, one 
due to the silver, and the other to the nitrate ion. These terms were 
called the “mobilities”. The law is known as the Law of Independent 
Mobilities. ' 

It is obvious that once one mobility is known (this can be obtained by 
a transport number experiment, § 307), all the rest can be obtained 
tram the experimental values of A® for different salts. 

The values of some ionic mobilities are given in the Table. 


Table LXXVIII. 


-Ionic Mobilities 


lou. Mobility* Ion. j Mobility. 


Mobility. 


Mobility, 


iCu 
i€kl 
j Sr 
I Ba 
|Pb 

i-so 4 

1 CrO, 

|co 3 

JFefCN), 

i At 
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By means of these values it is possible to calculate the equivalent 
conductivity of any electrolyte at infinite dilution. Thus, the value of 
the equivalent conductivity of potassium sulphate |K 2 S0 4 at infinite 
dilution = 64*6 -fi 68*5 = 133*1. 

The Table shows that the hydrogen and hydroxyl ions have much 
greater mobilities than any of the other ions. It must be remembered 
that these are not the absolute velocities of migration of the ions (§ 368). 

The Law of Independent Mobilities is especially useful where the 
experimental determination of the conductivity at infinite dilution 
cannot be carried out with accuracy owing to the high value of the 
resistance. Thus, to find the conductivity of acetic acid at infinite 
dilution, we may determine that of hydrochloric acid, potassium 
acetate, and potassium chloride. In all these cases the experimental 
determination is possible, as the resistances are not too high. Then, if 
the Law of Independent Mobility of Ions is true. 

Am KC1 = [K] + [Cl], 

A co KAc = [K] + [Ac], 

A co HC1 = [H] + [01], 

[H] + {Ac] = [H] + [Cl] + [K] + [Ac] ~{[K]+ [Cl] }. 
or, A oo HAc = A co HC1 + A oo KAc - A oo KOI, 
where symbols' in square brackets denote mobilities. * 

306* Transport Numbers. — The fact that in electrolysis the ions 
move with different speeds causes changes in concentration round the 
electrodes. The way in which this change is connected with the speed 
of the ions is best shown by means of a diagram. In Fig. 192 the black 
dots represent anions and the circles cations. In a molecule the two may 
be supposed to be in conjunction. 


* Fig. 192. — To illustrate Unequal Mobility of Ions. 

We shall divide the solution into three compartments by means of 
imaginary partitions, m and hh* The state of the solution before 
electrolysis may be represented by the line I. Here every anion is 
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associated with a' cation. This does not mean that dissociation has 
not taken place, but since there is random motion, and there are 
exactly as many anions as cations, the probability is that an anion will 
find itself in the neighbourhood of a cation. Suppose that the ions 
move with the same speed; then whilst, say, two anions have crossed 
the partitions towards the anode, two cations will have crossed in the 
opposite direction towards the cathode. The state of the solution is 
shown in line II. Line III shows these ions liberated and also the fact 
that, though both anode and cathode compartments have become 
weaker, they have become so to the same extent. 

Now suppose the anion moves twice as fast as the cation. Four 
anions will therefore pass across the partitions towards the anode, and 
only two cations will pass to the cathode. The state of the solution is 
now as in IV. After liberation of the ions at the electrodes, there are 
twice as many undischarged anions and cations in the anode compart- 
ment as there are in the cathode compartment. Thus, the fall of con- 
centration at the anode divided by that at the cathode io equal to 1/2, 
Thus 


loss at anode speed of cation 


loss at cathode speed of anion 


It is useful to remember that the loss at any compartment is propor- 
tional to the speed of the ion which is leaving it. The student should 
convince himself of the truth of this statement by trying other relative 
speeds, such as 5/3. The remarkable fact that although the amounts of 
substance liberated at each pole are equivalent, yet one ion moves 
faster than the other, is thus accounted for. 

Suppose that a fraction of the current n is carried by the anion; 
then an amount 1 - n must be carried by the cation. Since the amounts 
of electricity earned are proportional to the speeds of the ions (§ 300), 
we have 


loss at anode 


loss at cathode 


or, the value n is given by 

fall in concentration round cathode 


total fall round anode and cathode* 


Hittorf, to whom the above reasoning is due, called n the transport 
number of the ion. If n is the transport number of the anion, then 1 - n 
must be that for the cation. If u is the velocity of the amnion, and v that 
*o£ the cation, then-: . 


loss at cathode u 
loss at ailode ~~ v 



■ 
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307* Determination of Transport Hnmbers.— It was a condition of 
the above reasoning that the concentration in the middle compartment 
remained constant. Hence, in any experimental determination of 
transport numbers care must be taken that this is fulfilled. Hittorf 
used sodium chloride solution as electrolyte, a cadmium anode, and a 
platinum cathode. The action of the chlorine liberated at the anode 
produces cadmium chloride, and the cadmium ions move towards the 
cathode. Being much slower than the sodium ions, they never catch 
them up, and the cadmium chloride therefore remains as a separate 
layer. At the cathode all the chlorine ions have gone away, and are 


Fig, 193. — Transport Number Tube. 


replaced by hydroxyl ions produced by the action of the sodium 
liberated there on the water. These ions are fairly fast, and therefore 
pass down into the solution, producing mixing. An apparatus is shown 
in Fig. 193, Here the three portions are tapped and can be run off for 
analysis without disturbing the rest. 

The following are some results of the Hittorf experiment, and am 
given to show the method of calculation. 

The original solution contained 0*01784 per cent, chlorine, the weights' 
of chlorine in the three parts of the apparatus before and after electrolysis 
being „ ;i p.i 

Before. After- 

Anode part . 0*04048 gm. . 0*04671 gm. 

Central part . 0*03482 „ . * 0*03483 „ 

Cathode part . 0*05913 „ . 0*05289 „ 
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Note that the composition of the central part remained unchanged, 
within the limits of experimental error. 

The weight of silver deposited in a silver voltameter connected in 
series with the transport number tube was equivalent to 0-01021 gm. 
chlorine. 


Fig. 1 94. — Transport Number Tube. 


From the above data, the gain in the anode part was 0*00623 gm., 
whilst the loss in the cathode part was 0*00624 gm. 

The transport number of Cl"" in the electrolyte is therefore 

loss round cathode 

n = rrr 

total loss 
0-01021 

The transport number of the sodium ipn is therefore 0*389. 

The common form of transport number tube used in elementary 
work is shown in Fig. 194. Suppose it is to be used in the determination 
of the transport numbers of the silver and nitrate ions in silver nitrate 
solution. Suppose thateboth electrodes are of platinum, and that the 
solution of silver nitrate has deposited on the cathode, during the 
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electrolysis, 1*2591 gms. ■ of metallic sliver. A certain -volume of the 
solution taken from the region of the anode now contains 12*5533 gms. 
of silver, whereas before it contained 13*1426 gms. The solution at the 
anode has therefore lost 0*5393 gm. of metal. The total loss is 1*2591 
gms. of silver. Hence, the transport number of the cation 

_____ loss round anode 
total loss 
= 0JS893 _ 

1-2691 

The transport number of the anion is therefore 1 - 0*457 = 0*543. 

In some forms of the apparatus the anode is of silver. In this case a 
silver voltameter must be connected in the circuit, but the calculation is 
of similar form to the above. 


Table LXXIX, — Transport Numbers of Anions op Salts in 
Mj 10 Solution at 18°C. 


Transport Number 
of Anion. 


Transport Number 
of Anion, 


The arrangement of apparatus for carrying out a determination of 
the transport numbers of the silver and nitrate ions is shown in Fig. 195. 
Suppose the transport number tube is fitted with a silver anode, and a 
platinum cathode. F is a silver voltameter, made by placing two pieces 
of platinum foil, mounted on platinum wires, in silver nitrate solution. 
A solution containing 17 gms. of silver nitrate in 1,000 gms. of water is 
made up, and 100 gms. of this solution are weighed into the voltameter* 
The transport apparatus is filled with the silver nitrate solution. A 
small current is required for this experiment. A 50-volt battery is 
convenient; if not available, a suitable resistance may be placed in the 
mains (which mqst be direct current, not alternating). The current is 
passed for about five hours. While the electrolysis is proceeding, two 
50-gm. portions of the silver nitrate solution are weighed out and 
titrated against standard potassium thiocyanate (2ST/I0). When the 
experiment is finished, about Sb much liquid as would fill the anode 




J' 



B 'Transport: 
Tube 


Voltameter 


WMMtM » - 

Battery 

for determining Transport Numbers. 

and. requires 2 c.c. of thiocyanate, 
to 2 x — y c.c. of thiocyanate has 

3 of the current. Hence, 

silver nitrate left is proportional to 2 - 

■ — '3, of solution corre- 
e. Hence, loss of silver from 
2 4 - 2a; - y c.c. potassium 
the cation (silver) 


• Resistance 

Fig. 195.— Apparatus 

ie anode solution weighs w gms. 
an amount of silver proportional 
[ dissolved from the anode by the passage 
amount of the original l 

he ^silver nitrate originaUy present in wgms, 

ads to wxj&O c.c. potassium 

anode is proportional to 1 • f 

icyanate. Hence, the transport number for 
loss at anode 
^ HtotalToss 

(wxi5 o) — # + ~ x ~ y 


308. Absolute Velocity of 

axe not the absolute velocities ^ ^ depend on the potential 

velocity of therefore necessary to specify this, and the 

fbS vJS is measured in cm. per sec. for a potential gradient 

^Coufiid^th^solution in a centime^ ci^^the ele^rn^s bmng^at^the 

shaded faces. Let there be a equal to the 



ABSOLUTE VELOCITY OF IONS 519 

assumed to be completely ionised. The amount of electricity passing 
through the cube in one second will be 

K = cA 00 =c(u + v) } 

where u is the ionic mobility of the anion, and v is that of the cation 
(§ 305 ). 


Let V and V be the absolute velocities of the anions and the cations 
respectively. All the anions within a distance V cm. of the anode will 
have moved up to it in one second, and all cations within a distance V 
cm. from the -cathode will have moved up to it in one second. These 
correspond to Uc and Vc gnu-equivalents respectively, since 1 c.c. 


boundary 


Fig. 197. — Lodge’s Tube. 


contains c gm.-equivalents. They will involve the transfer of 96,500 
(U + V)c coulombs (from Faraday’s Second Law, § 295). 

Hence, 36,5O0(U -f V)c = c(u + p). 

Since A m = u + v. 


96,500' ' 96,500 

The absolute velocities of the ions are therefore obtained by dividing 
tbe ionic mobilities by 96,500. The ionic mobility of the hydrogen ion is 
313*9; hence, its absolute velocity is 313*9/96,500 

= 0*00325 cm. per sec. for a potential gradient of 1 volt 

'■ per cm. . ... :. 

The absolute velocities of the ions are much smaller than one would 
supposed The fastest of them, the hydrogen ion, moves only with a_ 
velocity of 0*00325 cm. per sec., under a potential gradient of 1 volt. 

The actual velocity of the ions can be observed by Lodge’s moving 
boundary method. A tube of the form shown in Fig. 197 is filled with a 
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jelly of agar-agar, phenolphthalein being added, and the whole being 
coloured red by the addition of a trace of alkali during the preparation 
of the jelly. When the jelly has set, sodium sulphate solution is added to 
one side, and dilute sulphuric acid to the other. On passing the current, 



Fiq, 198. — The Moving 
Boundary Method of 
detennining Transport 
Numbers, .b" . 


bb r ^ ^ trans P 0jrt number of anion. 

The study of transport numbers has indicated the existence of 
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hydration of the ions. If the transport numbers of the alkali metal 
ions are determined in N/2 0 solutions of the chlorides at 18° C., the 
values given in Table LXXX are obtained (Glasstone). 1 

It would be expected that the lightest ion would have the greatest 
mobility, but this is not the ease. As far back as 1894 Bredig suggested 
that tills might be due to hydration of the ions. If the ions were 
attached to water molecules, their size would be considerably increased. 
If this is so, the lithium ion must be heavily hydrated, and that of 
caesium very little. This is confirmed when the salts of these metals are 
considered, for in the crystalline state the salts are completely ionised. 


Table LXXX 


Atomic Volume. 


Transport Number. 


Metal 


Thus, lithium salts are mostly hydrated, those of sodium frequently 
hydrated, whilst the number of hydrated salts met with decreases as 
the series is ascended. This view also follows from the electronic theory 
of valency (§ 79). 

If an indifferent substance such as sugar is added to an electrolyte, 
the changes of concentration of this substance at the electrodes will 
depend on the transport numbers of the ions, and also upon the amounts 
of water which , each ion carries. If a and b are the number of water 
molecules attached to each anion and cation respectively,. then 


is the amount of water molecules transported to the electrode per 
Faraday, n being the transport number of the anion. Experiments 
carried out in this way show that nearly all ions are hydrated. Reference 
to this will again be made in § 378. Evidence for hydration of ions also 
comes from freezing point observations. In strong solutions, the ions 
remove a certain amount of water from the solvent, and thus the solution 
appears to be stronger. In this way Jones was able to find the degree 
of hydration of various ions. „ 

309. — Determination of Transport Numbers from Electromotive' 
Force Measurements. — The e.m.f. of a concentration cell of the type 
Ag | AgN0 3 I AgN0 3 | Ag 


\ S. Glasstone, “The Electroehemisfciy of Solutions” (Methuen), 


m2 
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where c t and c 2 are concentrations, involves the transport number of 
the anion. The determination can therefore be used to find transport 
numbers. The method is described in § 340. 

310. Solubility ol Sparingly Soluble Salts —Conductivity measure- 
ments may be used to determine the solubility of sparingly soluble . 
salts. If the solubility is s (gram equivalents per litre), and s is so small 
that we can consider the solution as being infinitely dilute then A « = 

' -—— where x is the specific conductance. A* can be calculated for 
s 

a particular salt from the sum of its ionic mobilities, and x can be 
measured, so 6* can be determined. For example, x for silver chloride 
solution is 3*41 X 1Q~ 6 ohmr 1 cms ~ 1 at 25° C, As this is a very small 
conductance, allowance must he made for the conductance of water 
which is 1*6 X I0“ 6 so x for silver chloride alone is 1*81 X 1G“A A « 
for silver chloride is 138*3 ohm" 1 ems. 2 , and putting in these values 

gives 8 = — — — 1*31 X I0~ 5 gram. equivalents per 

loo'o 

litre at 25° C. 

311. Non-aqueous Solutions. — The study of solutions in solvents 
other than water has provided a considerable amount of information on 
the nature pf electrolysis. The ions are all solvated to a certain extent 
in water, whereas in non-aqueous solvents this might not be the case. 

It is not an easy matter to study non-aqueous solutions, as the 
presence of even a trace of water may seriously alter the results. The 
chief work has been done by Walden, 1 who employed in many of Ms 
experiments the compound tetraethyiammonium iodide N(C 2 H 5 ) 4 I, 
dissolved in various solvents. He discovered that the equivalent 
conductivity at infinite dilution of a salt is inversely proportional to the 
square root of its molecular weight and to the viscosity of the solvent. 

Amongst the solvents used, those containing hydroxyl groups,* such 
as methyl and ethyl alcohols, behave in a similar manner to water. The 
mobility of ions in various solvents has been found; the following are 
some of the results: — ■ 



. Water, 

Methyl Alcohol 

. Eci*y! Alcohol. 

■'\AcetoBe.,'y i,;',; 

Nitroractfcane. 

H+ . 

351 

142 

■'■■■■ , 

59-5 

88 

63 

NH 4 + . 

74 

58 

• 19 

98 

64 1 

K+ . 

74 

54 


8? 

60 

Ag+ . 

63 

50 

i 

17*5 

| 

90 

* 53 


1 A great deal of the more modem work, has been done by Hartley and his 
co-workers at Oxford. 
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It is seen that the hydrogen ion has a greater mobility in the 
hydroxy lie solvents (with the exception of ethyl alcohol) than in the 
others. This may be due to the hydrogen ion being carried from a 
[H 3 0] + ion to a water molecule, much as in the Grotthus chain explana- 
tion (§ 294), so that the calculated velocity is not that of the hydrogen 
ion itself, but the total effect of a number of hydrogen ions. 1 Gold- 
schmidt has shown that the addition of a trace of water to an ethyl 
alcoholic solution of hydrogen chloride reduces the equivalent con- 
ductivity considerably, so that the hydration of the hydrogen ion which 
results must prevent it from taking part in this chain method of 
transference. 

312. Effect o! Dielectric Constant on Ionisation.— Walden showed 

that a dissolved salt gives a definite value for the ratio — at a dilution 

A 00 

which is inversely proportional to the cube of the dielectric constant of 

the solvent. Tjhus, if we choose = 0*5, we shall find the dilution 

A CO 

required to give this is inversely proportional to the cube of the dielectric 

A r 

constant. Some data are given in Table LXXXI. The ratio 

This relationship is only approximately true, and reaches this degree of 
accuracy only for strong electrolytes. 


Table LXXXI. — Electrolytic Dissociation and Dielectric 
Constant (25° C.) ' . . 


D(«) h 

(nearest 

integer). 


Dielectric 

Const., 


Dilution, 


Silver nitrate in water , . 
Sodium chloride in formic acid 
Tetraethylammonium iodide in 
furfurol . * -O/Vlv 

Potassium iodide in acetonitrile . 
Lithium nitrate in methyl alcohol 
Lithium chloride in ethyl alcohol . 
Potassium iodide in acetone * ^ 


It is found that only in liquids of fairly high dielectric constant can 
ionisation take place. The dielectric constant of a substance is dependent 
upon its dipole moment, t.e., upon the degree of asymmetry of the 
arrangement of charges in the molecule {§ 402). It is not surprising 

1 Hiickel, Z. Electrochem 1928, 34, 546. An account of the work done on this 
subject is to be found in the various volumes of Annual Beports, published by the 
Chemical Society, and particularly in the volume for 1930. 
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therefore to find that those liquids with high dielectric constants, i.e., 
very unsymmetrical fields, can bring about ionisation. 

The actual mechanism of ionisation in solution, where the solid salt 
is not completely ionised before dissolution, is not understood. Some 
hold the view that compound formation with the solvent is a necessary 
preliminary to further breakdown into ions. 

The behaviour of salts in non-aqueous solvents is usually con- 
siderably different from that in water. Ionisation in any solvent is 
governed largely by Fajans’ rule (§ 79). This states that ionisation 
will be promoted by the presence of a small anion and a large cation. 


313. Degree of Dissociation in Non-aqueous Solvents.— Walden 
has found that the degree of dissociation of a dissolved salt is approxi- 
mately constant for saturated solutions of substances in any solvent 


provided that water is rigidly excluded. 


The ratio of is given in 
. A co 


Table LXXXII for saturated solutions of tetraethylam*nonium iodide 
in various solvents. The constancy is remarkable. 

By an examination of the equivalent conductivities of the thio- 
cyanates and perchlorates of lithium, sodium, potassium and ammonium, 
in nitromethane at various dilutions, Wright, Murray-East and Hartley 
found that t*he empirical relationship 

A v = A<o - xd 

was true. In this equation c is the concentration and x a constant. 
Salts of the tetraethylammonium radical, however, behave according 
to the equation 

A v = Aoo - xVc. 

Table LXXXII.— Dissociation of NEt 4 I m Saturated Solutions 

at 25° C. 


Solvent. 

A*. 

A ao, : . 

Av. 

Methyl alcohol , 

47*85 

124 .. 

0-40 

Furfurol . 

26*83 

50 

0-52 

Acetonitrile 

96*4 

200 

0-48 

Acetone . 

112*0 

225 

0-50 

Ethyl nitrite 

68-67 1 

140 

0-49 


SIC Evidence in Favour of the Dissociation Theory*— (I) The 
reactions of salts in inorganic chemistry show that salts are made up of 
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two parte. Thus, all chlorides give the same reactions, whereas there are 
also reactions common; for example, to all potassium salts. 

{2} Various physical properties of solutions of electrolytes are 
additive. Thus, surface tension, and density, may be regarded as the 
sum of three separate factors, one characteristic of the solvent, another 
of the cation, and the other of the anion. 

(3) The heat of neutralisation of a strong acid by a strong base is a 
constant (§ 325), 

' (4) The colours of solutions at high dilution should be made up of 
that of the solvent and that due to the two ions. If the solvent is 
colourless, and one ion is colourless and the other coloured, the sub- 
stances falling into this class should all possess the same colour. Thus 
permanganates have been shown all to possess the same absorption 
spectrum. 

(5) The theory explains in a simple manner the anomalies in osmotic 
pressure, depression of the freezing point, and elevation of the boiling 

point shown by electrolytes {§ 301). 

■v. ■ " ■•■■■■. 

(6) X-ray analysis indicates that ions are present in some solids 

(§134). 

(7) Gstwald’s Dilution Law is obeyed fairly closely by weak 
electrolytes (§ 318). 

(8) The theory explains precipitation, through the theory of the 
solubility product {§ 335). 

(9) Dissociation is shown in certain experiments on the distribution 

coefficient (§ 321). 'LL? 

315. The Theory of Metallic Conduction. — The chief difference 
between metallic and electrolytic conduction lies in the fact that there 
is no decomposition or polarisation in the former. The current passes 
through the conductor without bringing about any chemical change. 
Further, the temperature variation of resistance is different in the two 
eases. In the case of a metal there is a minimum resistance at some 
definite temperature, whilst for electrolytes the resistance decreases 
continuously with increase oi temperature. 

The generally accepted theory ; is that the flow of the current in % a 
metal is merely the flow of electrons, thp positive ions being stationary. 
Various experiments have led to this conclusion, but they cannot be 
studied here, Drade, assuming that the electrons in a metallic con- 
ductor copld be regarded as if they were gas molecules on the Maetio 
theory, obtained an expression forth© conductivity of a metal, 
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where e is the charge on the electron, N the number of molecules per 
unit volume, l the mean free path of the electron, m the mass of the 
electron and v its velocity. Assuming equipartition of energy, as in the 

3 

kinetic theory of gases {§ 123), we can replace \ mv 2 by - JcT, where k is 

Boltzmann’s constant, and T the absolute temperature. Thus 

* = e^NhpkT. 

The thermal conductivity of a metal is also intimately related to the 
electrical conductivity, a fact which is shown qualitatively by the 
order of these two properties in a series of metals being approximately 
the same. A good electrical conductor is also a good heat conductor. 
Drude calculated that the thermal conductivity was given by 


Dividing thermal by electrical conductivity, we have 


T X const. 


which is known as the law of Wiedemann and Franz. 

Some crystals, which consist of ions regularly spaced in a lattice 
(e.g. t sodium chloride), show this electronic type of conduction to a 
very small extent. When a point electrode is inserted at the surface 
of a crystal of sodium chloride, and a high potential is applied between 
it and an electrode elsewhere in the crystal, a small current flows, and 
a coloration of the crystal occurs in the neighbourhood of the point 
electrode. The colour varies with the temperature and nature of the 
crystal. Now it is known that the opacity of the metals is due to the 
fact that electrons are free in the space lattice of the crystal. The metal 
crystal lattice probably consists of a number of positive ions in the 
regular lathee, with a cloud of free electrons associated with the lattice, 
but not fixed. These are sometimes called “electron gas”. They are the 
electrons which move through the metal when an external e.m.f. is 
applied. When, therefore, a coloration is observed in the neighbourhood 
of the electrode in the salt crystal, it is inferred that in this region there 
is electron gas. There are, however, some differences between this 
conduction by a salt and metallic conduction, for there is also electrolytic 
conduction in a solid salt. r 

318. Conductivity of Alloys.— If there is no chemical combination 
between the constituents of an alloy, and if there is no formation of 
solid solutions, the coifductivity of an alloy is the sum of the conduc- 
tivities of the constituents, according to their proportions^ This Is 
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known as the mixture rule. When solid solutions are formed, the 
resistance is considerably greater than that predicted by the mixture 
rule. 

A study of the conductivity of alloys is useful in determining their 
nature. If the graph drawn between electrical conductivity and com- 
position is a straight line it may be inferred that the components are 
not miscible. If a solid solution is formed, the conductivity-composition 
curve shows a flat minimum and falls rapidly at both ends from the 
values for the pure components (Fig. 199). There may be combinations 
of these two types, one part of the curve being linear, whilst the other 
shows a minimum. This shows that there is a limited, concentration 
range where there is miscibility. The nature 
of the curve will also show whether chemical 
compounds are formed. If there is a sharp 

point on a curve, it indicates the existence i 

of a chemical compound, but' the reverse is f\ j 

not always true. | \ / 

317* Effect of Temperature on Confine- 3 \ J 

tivity of Metal^. — The general formula con- v % • 

necting the resistance (R) of a pure metal g Sf- ^ 

with temperature is Flc . 1 99. -Conductivity 

B = a+bT + CT\ CmV % ** Alloy forming 

where a , 6, and c are constants, and T is the 

absolute temperature. The value of c is very small, so for small tem- 
perature ranges the third term may be neglected. 

This expression has been made use of for determining temperatures 
by the platinum resistance thermometer, an excellent method of measur- 
ing both high and low temperatures. 

The above expression only holds for ordinary temperatures. When 
the temperature is reduced so much that it is in the neighbourhood of 
the absolute zero, some metals are found to become super-conducting. 
Their resistance falls practically to zero, and a current once started in a 
closed ring of metal will go on flowing for a long while. The investigation 
(which is still proceeding) of this state has been done largely at Leyden. 
Certain metals have been found not to become super-conducting, but 
the resistance falls to a minimum and then rises again. Examples of t|iis 
class are copper and platinum. 

The existence of the super-conducting state shows that, at very low 
temperatures, the motion of the “electron-gas*’ (§ 315) through the 
metal is not hin dered. There can be no interaction between the electrons 
and the positive ions. As the temperature increases, the phenomenon of , 
resistance comes into play. This must be due to a friction-like, 
or viscosity, force exerted on the electrons, presumably by the positive 
ions, , 
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318. The Ostwaid Dilation Law. — In a solution of a binary elec- 
trolyte there will be an equilibrium between the ions and the undis- 
sociated molecule, if the Arrhenius hypothesis is correct. 1 Thus, 
we have 

AB ^ A+ + B-. 

It is therefore to be expected that the Law of Mass Action can be applied 
to this equilibrium just as it can to ordinary homogeneous equilibria. 
This application was first carried out by Ostwaid (1888), and tBe result 
is known as (tetwald's Dilution Law . 

Suppose that originally one gram-molecule of the binary electrolyte 
AB is dissolve^ in v litres of water, and that its degree of dissociation 
is a. Then 

• AB^A++B- 

1 * 

The quantities present at equilibrium are - of AB, - of A 4 ", and 


Applying the Law of Mass Action, 


This is known as the Dilution Law. 

If a is small compared with unity, it, can be neglected in the 
denominator of the left-hax?d side of equation ( 1 ). In this case. 


a = V. Kv. 

K Is calfed the “dissociation constant of the substance. It is seen that, 

1 This excludes strong electrolytes which, as will be shown later, do not obey the 

Ostwaid Dilution law. ' 

2 K is also sometimes called the constant”. 

* , ' 520 
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in the case of a weak electrolyte (i.e., a is small), the degree of dissocia- 
tion is at a given concentration proportional to the square root of the 
dissociation constant. 

The Law has been applied mainly to acids and bases. It is clear that 
the value of K will be a good measure of the strength of an acid, which is 
supposed to depend on the concentration of hydrogen ions in its solution 
(§ 326), for, as shown above, the degree of dissociation at a given 
concentration is proportional to the square root of K. A strong acid 
will be one with a large value for K in solutions of moderate concen- 
tration. 

It is well to notice that the assumptions that are made in the deriva- 
tion of this Law are that the Law of Mass Action applies to charged ions, 
and, even more fundamentally, that the Arrhenius hypothesis of elec- 
trolytic dissociation is true. 

The Ostwald Dilution Law can be obtained in another form by 

substituting the value of a = in the equation (1) above. This gives 

' A co * 

A 2 

, K = * - 

r t?4oo(4oo - A v ) 

The above formula would apply, of course, to a monobasic acid, such 
as acetic acid. Dibasic acids, however, ionise in two stages, and there- 
fore possess two dissociation constants: — 

First dissociation: H 2 A ^ H + + HA”. 

Second dissociation: HA” # H + + A~”. 

The two dissociation constants are:— 

»r _[H+][HA-] 

and . . 

a [HA - ] 

As a rule, for dilutions up to about 2,000 litres, the second stage is 
negligible. Thus, with hydrogen sulphide, 

[H + ] [HS~] __ 1 ^_ 7 
[HfiS] <• „ ’ 

and = 10 - «. 

[HS ] 

, 319. Experimental ?erfflcafion of tike Dilution Law,— To test the 
law experimentally it is necessary to determine the degree of dissociation 
rof a binary electrolyte at various dilutions, and then substitute the 
values of v and a in the Ostwald equation, and see if a constant is 
obtained: * 

■®be degree of dissociation is best f determined by conductivity 
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observations, a is connected with the equivalent conductivity and that 
at infinite dilution by the equation 


where A v is the conductivity at dilution v, and A<x> is that at infinite 
dilution (§ 300). 

For the sake of example, suppose it is necessary to see whether 
OstwakFs Dilution Law holds for a weak acid such as propionic add. 
The conductivity is determined at various dilutions by the ordinary 
method (§ 298). It is now necessary to find the equivalent conductivity 
at infinite dilution. As propionic acid is weak, it does not conduct well, 
with the result that the resistance of a very dilute solution is too great 
to be measured with accuracy. It is therefore necessary to apply 
Kohlrausch’s method, which regards the equivalent conductivity at 
infinite dilution as made up of two parts, one due to the anion and the 
other due to the cation (§ 305). It is possible to determine the equivalent 
conductivity at infinite dilution of potassium propionate, potassium 
chloride and hydrochloric acid. If the quantities in square brackets 
represent the pprtion of the equivalent conductivity at infinite dilution 
due to the ions stated therein, we have 

[H] +*[Pr] = [K] + [Pr] + [H] + [Cl] - [K] - JC1]. 

The conductivity of propionic acid at infinite dilution is thus deter- 
mined. All that is now necessary is to substitute the values in the 
expression 


when a is found. Now, using the value of a found at different dilutions, 
Table LXXXIIL— Ionisation of Acetic Acid in Aqueous Solution 

at 25 ° a 

A 00 = 387*9. 


0001595 

0-002896 

0*003636 

0*005701 

0*009806 

0*01382 

0*02163 

0*03369 


f t!§:§|; |S || |f§| || 
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the equation of Ostwald can he tested. Table LXXXIII shows some 
values for acetic acid, and gives an indication of the validity of the Law 
for this substance. 

It is clear that the Law is obeyed by aeetic acid only in dilute solution 
(i? large). 

320. Validity of the Dilution Law.— Weak electrolytes obey 
Ostwald’s Dilution Law fairly well, but in the case of strong electrolytes 
the Law fails completely. This “anomaly” of strong electrolytes has 
given rise to much interesting speculation on the nature of such solu- 
tions. The Table below, based on the work of Kohlrausch and Maltby, 
gives some figures for the ionisation of potassium chloride, which is a 
strong electrolyte. 


Table LXXXIY.— Apparent Degree of Ionisation of Potassium 
Chloride at 18° C. 


98-27 

102-41 

107-96 

115-75 

119-96 

124-41 

127-34 

129-07 


It will be noted that the values of K are by no means constant. 

In order to remove this anomaly, many empirical formuke have been 
suggested as dilution laws, very few of them having any theoretical basis. 
Thus, Walker put forward the equation 


Van’t Hoff put forward the equation 
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Possibly the best of all the formulae for expressing the conductivity of 
strong electrolytes is 


where G is the concentration, or the reciprocal of v. This equation is 
ascribed to Kohlrausch, though it appears to have been put forward 
originally by Bousfield in 1913. 

If this equation be true, it is obvious that if Ago - A v is plotted 
against O 0 ' 5 , a straight line should result, passing through the origin. 
The slope of the line should be h. Or, if A v is plotted against (7° * 5 , again 


CuS04 


Fig, 200. — Curve between A®lA co and C 0 * 6 , 


a straight line graph should be obtained, but it will not now pass 

through the origin, but will cut the axis at A co* It is usual to plot ■— 

against the square root of the concentration, and in Fig. 200 are given 
some curves for various substances. The data upon which the curves 
are based are given in Tabife LjfcXXV. It is seen that the equation is 
only approximately true, holding best for the more dilute solutions. It 
is, however, very important as a limiting law for very dilute solutions. 
It may be noted here that the equation is of the form derived by Debye 
and Hiickel on the basis of the theory of electrostatic interaction (§ 302). 

321. -The Anomaly of Strong Electrolytes.— As stated previously, 
the Osiwaid Dilution Law does not hold for strong electrolytes; and 
even weak electrolytes show deviations from i* as the concentration of : 
solution^ rise. It is also found that the expressions for the eleeteo-,; 
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Table LXXXV.— Conductance 


*001 

*03162 


Sodium chloride . 
Sodium nitrate 
Calcium chloride . 
Copper sulphate 
Potassium hydroxide 
Ammonium hydroxide 


motive force of concentration cells expressed 
fail to agree with experimental values as the < 
The Ostwald Dilution Law was calculated o 
tions, viz,: (1) that the Law of Mass Action h 
(2) r that the Arrhenius hypothesis, that < 

dissociated into their ions in aqueous soluti 

representing the extent of this dissociation, 
do not obey the Law, it is clear that one, or 1 
is not true. 

As far as the first assumption is concern' 
may be brought into conformity with the ex 
Law of Mass Action in the form: 

: cl- ■■'.■'.■■"'■■'"f;' 


called the activities of the cation, &nion, and 
he activity is related to 
iere / is called the activity 

w with concentration but as 

becomes small / tends to 1. In other words the Law 

concentrations 


where a_ and a a are 
undissociated electrolyte respective 
concentration c by the equation a = 
coefficient. The activity coefficient 
the concentration 1 — 

of Mass Action can be applied to dilute solutions using 

Bde activity coefficient of an individual ion cannot be measured 
ftxnerimentallv. What is measured is the mean ionic activity coefficient. 
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The relationships deduced for ideal systems may be applied to real 
systems if c is replaced by a; thus, the e.m.f. of a concentration cell 
(see § 338) becomes 

RT . a„ 

£= loge- 2 . 


Originally the activity coefficient was regarded as an empirical 
quantity. However, Debye and Hiickel devised a method of calculating 
activity coefficients based on the conception of the complete dissociation 
of strong electrolytes. The expression RT log* /expresses the difference 
between the free energy of formation of an ideal solution and that of an 
electrolyte. Debye and Hiickel equated this expression with the &ee 
energy per mole of electrolyte due to the electrical interaction of ions. 
This interaction is not allowed for in simple solution theory. In 
calculating the interaction energy Debye and Hiickel made use of the 
idea of each ion being surrounded by an atmosphere of oppositely 
charged ions* This conception has been discussed in the previous 
chapter (§ 302). 

The activity coefficients calculated by Debye and Hiickel for solu- 
tions of low concentration agreed with those experimentally measured. 
As with the conductivity theory, experiment and theory show devia- 
tions at higher concentrations. The deviations in the theoretically 
deduced activities are caused by the same factors that invalidated 
theoretically deduced conductivities. Although the Debye-Huckel 
theory was primarily advanced to solve the problems presented by 
strong electrolytes, its conclusions may be applied to weak electrolytes 
provided allowance is made for their incomplete dissociation. For 
example the Ostwald Dilution Law, when activity coefficients are 

a 2 cf f 

included, becomes; K = — — and by using the values of activity 


coefficients calculated by the Debye and Hiickel method K may be 
calculated. It is found that the K so calculated remains constant over 
a very large range of concentrations. * 

Although the theory of strong electrolytes that has been used above 
is that of complete dissociation, it is very probable that even in the 
strongest electrolytes there 1 is not 100 per cent, dissociation. It would 
be better to say that there is “almost complete dissociation”. If it were 
possible to draw a sharp dividing line between strong and weak 
electrolytes, it might be arguecLthat the one class was quite different 
from the othei^ and that the strong electrolytes were completely 
dissociated, and the weak electrolytes only partially so. This is not* 
possible, however, for there is a gradation between those electrolytes, 
commonly classed as weak, which obey Oswald’s Law a tr medium 
concentrations, but not at high* ones, through the transition electrolytes,. 
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which obey the Law at low concentrations, to thestrong electrolytes 
which do not obey the Law at all. It is impossible to say where one 
"ends and the other begins; and as we most assume the existence 
of non-ionised molecules in the solutions of weak electrolytes, and in 
^ transition stage, it seems probable that there is no abrupt change 
S tMs Ccity to 8 form non-ionised molecules. In strong electrolytes 
however, the proportion of these non-ionised molecules must be very 
much smaller than that given by conductivity measurements 


v / 

The study of the Raman spectra (§397) of solutions of acids and salts 
throws some light on this question. The Raman effect is a molecular 
light scattering effect; each molecular species gives its own characteristic 
effect, qnd hence it is possible to find out whether non-iomsed molecules 
(which would, of course, be a different molecular species from the ions) 
are actually present in solution. When examined in tms way, both 
nitric and sulphuric acids are found to be only partially ionised in 
moderately concentrated and concentrated solutions. With the Raman 
effect, it is possible to follow the single-stage ionisation of nitric acid and 

of the aaomalom ***** 
chloride and mercuric cyanide, the Raman effect provides no evidence 
whatever for any undissociated molecules, even in the most concen- 
trated solutions By undissociated molecules is meant a molecular 
species in which the ions are bound together by a covalent bond of 

° r rhe 1 X-my ri analysis of crystals of sodium and potassium chlorides, 
and of many other substances, has shown them to be ionised completely 
even in the solid state (§ 134). It would be unlikely for com^matien of 
ions to occur when the crystal was dissolved in water, though not 
impossible. 1 Rubens has shown that the reflection of infra-red rays by 
these crystals agrees with the assumption that they are completely 

10 "her evidence can be obtained from consideration of distribution 
experiments. It has already been stated (§261) that distribution of the 
same molecular species occurs between two immiscible solvents, and it, 
by some reaction, or alteration in the molecular aggregation, tins 
molecular species is altered, it is only the concentrations of the same 
molecular species which must be takeh into account in calculating the 
distribution coefficient. Now, silver perchlorate is soluble m .benzene, 
"and gives a non-conducting solution. It is therefore not ionised. It 


1 

! 
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water is shaken up with this benzene solution, the whole of the' silver 
perchlorate is transferred to the aqueous layer. If any non-ionised 
molecules existed in the aqueous layer, there would be a distribution of 
them between the benzene and water. Hence, it is concluded that the 
molecular species formed in the aqueous layer are totally different from 
those in the benzene layer. Presumably the salt is completely ionised in 
the aqueous solution. 1 It must be pointed out, however, that many 
examples are known of the incomplete extraction of strong electrolytes 
from solutions in non-ionising solvents, and the only explanation of this 
is that there are non-ionised molecules of the electrolyte in the aqueous 
solution. 

Evidence from vapour pressure observations depends upon the same 
application of the idea of distribution. Hydrogen chloride in aqueous 
solution has a very low vapour pressure of hydrogen chloride gas. 
According to Henry’s Law (§ 233), the ratio of concentrations of the 
same molecular species between the gaseous and liquid phases is constant. 
The fact that the vapour pressure of the gas over the solution is so small 
was used as an argument for the theory of complete dissociation. The 
vapour pressure was much less than that required if the Arrhenius 
hypothesis were correct. But the fact that there is any vapour pressure 
of the gas at all over the solution indicates that there must^at least, be a - 
very small concentration of non-ionised hydrogen chloride in the 
aqueous layer. 

The conclusion to be drawn from this work is that although the 
Bebye-Hiiekel theory is more near the truth than that of Arrhenius, its 
assumption that strong electrolytes are completely dissociated in solutions 
of moderate concentration is probably not true. Rather is it likely that „ 
a very small amount of the solute exists in the undissociated state. 

322. Hydrogen Ion Concentration.— The most important ion is the 
hydrogen ion. Upon the concentration of hydrogen ions in a solution 
depends its acidic or alkaline properties (§ 326). The hydrogen ion is a 
powerful catalyst, and the whole course of a reaction may be modified 
by altering the hydrogen ion concentration in the medium in which the 
reaction takes place. A knowledge of hydrogen ion concentration is 
necessary in testing water, soil, and biological fluids, such as the 
blood, % « 

The hydrogen ion concentration of a solution is usually expressed in a 
special way. The of a solution is defined as the logarithm to the base ? 

10 of the reciprocal of the hydrogen ion concentration in gm.-mols. 
per litre. Thus € , v W-- "^1 i 

' fu= -loguIH+J-log,,^. 

1 It is, of course, possible that there might be soimted uix-ionised molecules la- 
th© water layer, which would count os a separate molecular species from that of urn 
solvated/or unsolvated, molecules in the benzene layer. 

I i 1 | | ‘ 

«!iil ii 
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If the pn of a solution is 4, 
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Rearranging this gives a quadratic equation in. a, 
a 2 -*)- avK — vK — 0 . 

The roots of this are given "by the exp ression 

— vK + 


A negative root for a has no physical meaning and hence we can 
aore the negative root and write 

- v K+ Vv*K* + 4 vK_ 


Substituting for v and K gives 


= 1-26 X 10- 1 

Therefore H 1 litre of the solution there will be 1-26'X lO'* 
of hydrogen ions. „* 

* ... »_ = - log [H+] = - log (1-26 X 10- 1 ) 

, = 3-90 

The «. of on acid eolotion may be calculated in feme of. and the 
dissociation omstant K as follows: Con«id» tto ’ 

soMion of an - £SES: ntay be 
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324. Methods of Determining Hydrogen Ion Concentration.— There 
are several methods of determining the hydrogen ion concentration of a 
solution. The chief are 

(1) The conductivity method. 

(2) The electromotive force method. 

(3) The freezing point method. 

(4) The colorimetric method. 

(5) The method of catalysis of ester hydrolysis. 

(1) The conductivity method is simply that of determining the degree 
of dissociation of the -acid. The degree of dissociation, a, is given by 


where A oo and A v are the equivalent conductivities at mnmfce mmtion 
and at*dilution v respectively. These can be determined by the method 
given in § 319.* a is, of course, a direct measure of the hydrogen ion 
concentration. 

(2) The electromotive force method, which is the*most accurate 
method for determining hydrogen ion concentration will he dealt with 

m § 340. ~ A 

(3) The freezing point method is only another way of determining 
the degree of dissociation, from which, of course, the pu can be obtained. 
Knowing the true molecular weight of the acid, the molecular depression 
of the solvent used, and the depression of the freezing point caused by 
the solution of a known weight of acid in a given weight of solvent, a can 
be determined as previously indicated (§ 301). 

(4) The colorimetric method. This depends on the use of indicators 
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325* The Ionisation of Water. — When hydroxyl ions and hydrogen 
ions are brought together, water is formed* which is practically nndis- 
sociated. Water is very nearly an insulator, but the fact that the purest 
water will conduct the current a little points to the fact that it must be 
slightly broken down to its ions. The union of hydroxyl and hydrogen 
ions to form water is neatly shown by the ionic explanation of the fact 
that the heat evolved in the neutralisation of a strong acid by a strong 
base is always in the neighbourhood of 13,700 gm.-eals per gm.-mol. 
(§ 96). Thus, if hydrochloric acid and sodium hydroxide, in equivalent 
proportions in dilute solution, are mixed, there is an evolution of heat 
to the extent of 13,700 gm.-eals, per gm.-mol. The same is true for 
hydrochloric acid, and potassium hydroxide, and of nitric acid and a 
strong base. The following Table shows the heat of neutralisation of 
some of the commoner acids with sodium hydroxide. 


The faet'that the heat of neutralisation per gm.-mol of all these acids 
is about the same indicates that there must be a common reaction 
taking place for them all If the ionic equation for an acid, say HA, 
reacting with sodium hydroxide is written, we have * 

H+ + A- + Na+ + OIT~ ^ H 2 0 + Na+ + A~ 

since the salt formed will be well ionised. Thus, the net reaction js 
merely the union of hydrogen and hydroxyl ions to form the com- 
paratively little dissociated water. This is the same with all strong acids 
and bases, particularly if the neutralisation is carried out in dilute 
solution, for themthe dissociation of the reactants is complete. 

The ionisation of watpr is a reversible process, lienee, the Law of * 
Mass Action will apply to it. Although water is but little touted, this 
Ionic equilibrium is one of the most important in physical chemistry, 
for it wilkexplain many properties of aqueous solutions of electrolytes, 1 : 


Acid. 


Heat of Neutralisation. 

, u » 

111,1 "%■ 

Hydrochloric * . 


... ■ "# . ■ 

Gm.-eals. per gm.-mol. 

-13,700 

Nitric 


-13,709 

Hydriodic .... 


- 13,700 

Hydrobromic .... 


-13,800 

Chloric 


-13,800 

Acetic . . . /■■■:; 


-13,400 

0*5 gm.-mol Sulphuric 


-15,700 

Hydrofluoric .... 


-16,300 



T°C. . 0 18 25 „ 50 75 100 128 136 218 

Km X 10 U . 0-09 0*61 1*0 4*5 16*9 48 114 220 461 

The value at 2o J 0. is usually taken as standard, because it Is a 
convenient -temperature for working and happens to give the value unity 
for the Ionic product (x* 10~ 14 ). 

It is to be noted that K m is the ionic product, and not the dissociation 




It is therefore of some interest to discover to what extent water is 
ionised. The usual method of finding the degree of dissociation is, of 
course, to determine the conductivity and calculate a from the result. >| 
Water conducts very feebly, and the presence of impurities makes a " 
tremendous difference to the value obtained for the conductivity. 

Kohlrausch and Heydweiller determined the specific conductivity of 
the purest distilled water and found it to be 0*0334 X 10" 8 mhos at 
18° 0. We obviously cannot determine the equivalent conductivity at 
infinite dilution directly, but we can deduce the corresponding figure by 
adding the ionic conductances at infinite dilution of the hydrogen and 
hydroxyl ions (§ 305). The value for hydrogen is 313, and for hydroxyl 
174 mhos. Hence, the equivalent conductivity of completely ionised 
water will be 487 mhos. The equivalent conductivity is equal to the 
conductivity multiplied by the volume in c.c. containing one gram- 
equivalent of the ions. Hence, the volume containing one gram- 
equivalent of hydrogen and hydroxyl ions 

487 

~~ 0*0384 X 10~ 8 C * C ‘ S 
= 1*27 X 10 18 c.c. 

Hence, the hydrogen ion concentration is 

* * 1 

- — gm.-equivs. per c.c. 

1*27 X 10 10 6 1 1 

= 0*78 X 10~~ 20 gm.-equivs. per c.c. 

= 0*78 X 10~ 7 gm.-equivs. per litre. 

As stated above, the ionisation of water is a reversible process, and 
the Law of Mass Action can be applied to it. In the equilibrium 
H 2 O^H++OH- 

the amount of undissociated water is so great that its concentration 
may be regarded as constant. Hence, 

[H+][OH -] = 2T w . 

K w is the iqpic product for water. Taking the figures obtained above, 

'■v x.: K w = 0*78 X 0*78 X 1G~~ 14 - 0*61 X 10~ 14 . 

This is the value at 18° 0. The conductivity of pure water increases 
rapidly with the temperature, and the following Table shows the values 
of K m at various temperatures. 
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constant of the reaction. The value of the latter at 18° C. would be 
given by 

[H+] [0H-] (0-78 X 10~ 7 ) 2 1 A 0 1A \a 

T5or - — 7i ~ ooo\ - S l 078 * 10 ' 7 ) • 


Another method of determining the concentrations of hydrogen and 
hydroxyl ions in water is that due to Wijs, who determined the rate of 
hydrolysis of methyl acetate in pure water. 

CH g . C0GCH 3 +H++ OH™ ^ CH S . OH + CH 3 . COO™ + H f . 

It is clear that hi this reaction, as it proceeds towards the right, the 
concentration of hydrogen ions increases, relative to that of the hydroxyl 
ions. It was shown that hydroxyl ions were much more effective 
catalysts for this hydrolysis than the hydrogen ions, being, in fact, about 
1,400 times as active. The reaction velocity would therefore reach a 
minimum when the hydrogen ion concentration was 1,400 tihaes as 
great as that o£ hydroxyl ions. From his results Wijs calculated that 
K w was 144 X 10~ 14 , at 25° 0. 

The value of |he ionic product has been determined by several o$her 
methods, and a list of the values obtained is given in the accompanying 
Table: — 

Table LXXXVIL 


Method, 


Conductivity of pure water 
Hydrolysis of sodium acetate 
Hydrolysis of methyl acetate 
E.m.f. of hydrogen-oxygen cell 


There is thus little doubt of the order of this dissociation, and, for all 
ordinary purposes, the value of K w is taken as 10™ 14 at 25° C. 

Knowing the value of the ionic product, which is a multiple of the 
dissociation constant, at two different temperatures, we can calculate 
the heat of ionisation (AHf of water by making use of van't Hoff's 
equation (§ 114). This states that 

log,.*, -log,.*, -^2 (£-£)• 

Now, for T 1 = Q° C. = 273° Abs., K t = 0-09 X 10~“ 

V, = 50° a =*823° Aba., if 2 = 4-5 X 10~“ 

log (0-09 X 10-“) - log (4-5 X 10-“) = f A ~ 4) 
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4*576 \88,180/ 

T 4*576 X 1*6990 X 8818 


= 13,720 gm.-cals. per gm.-mol. 

Now AH, the heat absorbed in ionisation, should be equal to the 
amount of heat given out when a strong base neutralises a strong add 
in dilute solution if the theory is correct*. It is seen that there is very 
satisfactory agreement between the calculated and observed values, 
which provides good evidence for the accuracy of the theories involved. 

326. Acids and Bases. — The classical definition of an acid as a 
substance which gives hydrogen ions in water and of a base as one which 
gives hydroxyl ions in water is sufficient for a discussion of aqueous 
solutions. However, the definition will not serve for non-aqueous 
solutions. Bronsted and Lowry extended the classical definition by 
defining an acid as a substance with a tendency to lose a proton and a 
base as a substance with a tendency to gain a proton. The definition 
can be illustrated by the reaction scheme: 

Acid H+ + Base 

That is every acid has a base corresponding to it which differs only by 
containing one proton less than the acid. This base is known as the 
conjugate of the acid. Similarly every base has a conjugate acid thus 
Base H + ^ Acid 

A free proton does not exist in solution, 1 so when an acid dissociates 
there must be molecules present that will take up the proton. This 
means that all acid base reactions will follow this scheme 
Acid x + Base 2 ^ Ba$e x 4~ Acid 2 

Acid* and Base x are conjugate as are also Base 2 and Acid 2 . Consider 
an acid dissolved in a solvent; the dissociation of the acid will not take 
place unless the solvent can take up the protons given off by the acid. 
The solvent must have basic properties; thus the dissociation of hydro- 
chloric acid-in water involves the reaction: 

HCi + H 2 0 H s O+ 4- Cl~ 

Acid x 4* Base 2 ^ AcM a 4“ Base x 

A' strong acid such as hydrochloric acid tends to lose its proton easily, 
and so the reaction will go mainly to the right-hand side of the equation. 
As a result the reverse reaction does not tend to proceed. The conjugate 
base OR has little tendency to take up a proton and is, therefore, a 
"weak base. This means that the conjugate base of" a strong acid is 

1 It is more convenient in most discussions to writ© H+ as though the free proton 
did exist. It should be remembered however, that the proton is always solvated 
(associated with a molecule of solvent). For example in dealing with aqueous 
solutions, H+ is written though it would be more correct to writ© H 3 0*. 



weak; similarly ilie conjugate base of a weak acid, such as acetic acid, is 
strong. The dissociation of acetic acid is; 


CHoCOOH ■ 


CEJSOOr 


Here CH 3 0QQ”~ is the conjugate base of CH 3 COOH. CH 3 COO” is 
quite a strong base; the dissociation reaction is largely reversed and as 
a result acetic acid is only slightly dissociated in water. 

The reaction of a base in a solvent requires a solvent with acid 
properties in order to bring out the basic properties of the base. 

Thus NH 3 + H 2 0 3 SH 4 * + OH” 

Base* Acid 2 Acid* Base 2 

Water can both supply and accept protons and* is, therefore called 
an amphiprotic solvent. Alcohol behaves in a similar fashion. Solvents 
which accept protons are called protophilic; those which give up protons 
are called protogenic; and those w r hieh neither accept nor donate 
protons are called aprotic. Liquid ammonia is an example of a proto- 
philic solvent. In liquid ammonia even a weak acid like acetic acid is 
highly ionised,* Acetic acid is an example of a protogenic solvent; it 
will hinder the dissociation of even the strongest acids. On the other 
hand a protogenic solvent will assist the dissociation of a base. * * 

In very strong protogenic solvents, for example hydrogen chloride, 
weak acids such as acetic acid, and even stronger acids, ipr example 
nitric acid, will behave as bases and accept protons from the solvent. 

Assuming the concentration of w^ater to be constant, then the 
equilibrium constant of the reaction 

HA + H 8 0^H 8 0+ + A” 

can be written K a = — 3 r ^ - ~ - 

[HA] 

[H + ] can be substituted for [H 3 0 + ] and so K a = K a is defined 

y; ■ ■ [MA] 

therefore as it was in § 318. Similarly the dissociation constant of bases 
is not affected by the Bronsted-Lowry definition. 

The strength of an acid is determined by its dissociation constant 
which measures its tendency to lose protons. While the strength of 
weak acids such as acetic acid can be measured in water, this is 
impossible for strong acids:%the* proton accepting power of water is 
such that all strong acids are completely ionised in water and their 
strengths cannot be distinguished. This effect is known as the 
levelling effect of a solvent. 

In order to determine the strengths of the strong acids it is necessary 
to measure the dissociation in a protogenic medium* In such a solvent 
the ionisation of the acid is hindered. For example in acetic acid the 
equation for the dissociation of hydrochloric ae^l is * ' 


[H + ] can be substituted for [H 3 0 + ] and so K a • 


.is defined 


HC1 + HOOCCH, ^ H,OOOCH S + + Cl” 


ACID AND BASES 
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As the tendency of acetic acid is to lose a proton it will only accept a 
proton from a very strong acid. Measurements of dissociation constants 
in acetic acid medium show that perchloric acid H010 4 is the strongest 
acid known and that the order of decreasing strength is 
HC10 4 > HRr > H 2 S0 4 > HC1 > HNO a 
A solution of perchloric acid in acetic acid is a poor conductant, showing 
that even this acid is only weakly ionised in acetic acid. In a similar 
fashion the strengths of strong bases may be distinguished by using' a 
protophilic solvent. 

327. Neutralisation and Hydrolysis — Neutralisation is a reaction 
between equivalent amounts of an acid and a base. Consider, for 
example, the reaction: 

HOI + Na+OH- = Na+Cl- + H 2 0 
Acidj Base 2 = Base x + Acid 2 
This reaction as can be seen is an ordinary acid base reaction. Notice 
that the salt NaCl consists of the conjugate base of acid t (Or) with the 
negative charge neutralised by a sodium ion, A neutralisation can he 
written generally as 

HA+B-BH+ + A- 
Acid x + Base 2 = Acid 2 + Base x r 
In considering neutralisations we must take account of possible 
reactions between products of neutralisation and the solvent in which 
the neutralisation is being carried out. Two reactions are possible 
(water is presumed here to be the solvent) 

a- + h 2 o^ha+oh- (1) 

and BH+ + H 2 0 ^ B + H 3 0+ (2) 

These reactions are known as hydrolysis reactions if water is the solvent; 
in general they may be called solvolysis or lyolysis reactions. If HA 
is a strong acid then its conjugate base A will be weak and will not tend 
to take up a proton; therefore, hydrolysis reaction (1) will not proceed. 
If the original base B is strong then its conjugate acid BH is weak and 
has little tendency to lose a proton; hence the hydrolysis (2) will not 
take place. Hence hydrolysis is not important in a reaction involving 
the neutralisation of a strong base by a strong acid. If on the other 
hand HA is a weak acid then reaction {£) fends to proceed; if B is a 
weak base reaction (2) will proceed. The subject will now be discussed 
quantitatively. 

The strength of an acid or a ba^e is measured by its dissociation 
constant (§§ 318, 326), so the extent of hydrolysis taking place will also 
depend upon this. ~ 

The degree of hydrolysis, h, is defined 0 as the fraction of the 
total salt hydrolysed. /Thus, if in a solution of aniline hydrochloride, 
CgH^NH^HCl, 95 per cent, of the salt is hydrolysed into aniline and 
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hydrochloric acid, the degree of hydrolysis, h } is 0*95, or maybe 
expressed as a percentage, 95 per cent. 

The degree of hydrolysis can be calculated from the ionisation 
constants of the substances involved in the following way: — 

The general reaction for the hydrolysis of the salt (XA) of a strong base 
and a weak acid is 

X+ + A- + H 2 0 ^ X+ + OH- + HA, 
or A” + H 2 0 ^ OH- + HA. 

Now [A”] represents the molecular concentration of unhydrolysed salt, 
[OH”] represents the molecular concentration^ free base, 
and [HA] represents the molecular concentration of free acid. 

[OH~] [HA] ___ [free base] [free acid] ___ ^ .A 

[A-] ~~ [unhydrolysed salt] ' h 

the concentration of water being regarded as constant. K h is called the 
hydrolysis constant , and it must be borne carefully in mind that it Is not 
the degree of hydrolysis, although the latter can be obtained from it by 
calculation. 

Now let * [H + ] [OH“] = K w »(2) 


where K w is the ionic product for water, and K a is the dissociation 
constant of the acid. 

Dividing (2) by (3), we have 

[OH“] [HA] K w _ w 


Thus the hydrolysis constant, K h} is the ratio of the ionic product for 
water to the dissociation constant, E ai of the weak acid. 

The equation in the case of the salt (BH + A") of a strong acid and a 
weak base 1 is derived in a similar way. In this case the general equation is 
BH+ + A- + H 2 0 ^ H 3 Q+ + A- + B, 
or BH+ + H s O ^ B + H s O+ 

Applying the Law of Mass Action, we have 


[BH+] 

the concentration of water being regarded as constant. Now [H + ] 
represents the molecular concentration of the free acid, [B] that of free 
base, and [BH+] that of unhydrolysed salt. The equilibria involved are 
* H+ + “OH- ^ H 2 0, K w = [H+] [OH-] m . . m 

[B3+] [OH - ] w . . ^ . m 


* of snob salts are the amine hydrochlorides: d 
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Dividing (6) by (7), we get 

fB] [H+] K _ K*, m 

[BH+] h K b 

Thus, in the case of the salt of a weak base and a strong acid, the 
hydrolysis constant is the ratio of the ionic product for water to the 
dissociation constant of the weak base. 

A very similar method of treatment leads to the relationship for the 
case of a salt of a weak acid and a weak base . Take, for example, aniline 
acetate. This hydrolyses as follows: — 

C«H 5 . NH 3 .OOpCH* + HOH ^ C S H 5 . NH 3 OH + CH 3 . COOH. 

Hypothetical anilinliim hydroxide. 

If we assume that the salt is completely ionised, we have 
C 6 H 3 NH 3 + + CH 3 . COO- + H.OH# C 6 H 5 . NH, . OH + CH 3 . COOH; 
or, in general, 

BH+ + A- + H 2 0 # BHOH + IIA. 

. ' . [BHOH] [HA] _ E „ , 0) 

'• [BH + J [A - ] " 

Xhe equilibria involved are: — 

_ [H+] [A - ] ' (10) 

Ka -~m r ■ • , ■ • ( } 

K [OH-][BH+] , 

b [BHOH] 1 ' 

K w = [H+] [OH-] .... (12) 

K a [H+] [OH - ] [HA] [BHOH] [HA] [BHOH] _ 

•• K a .K b ~ [H+] [A - ] [OH - ] [BH+] [BH+] [A - ] ” 

We can sum up these results as follows: — 

K 

For the salt of a weak acid, and a strong base, K h — — . 

A« 

K 

For the salt of a weak base and a strong acid, K h = 

' r:.- i. i v: >; A b : 

For the salt of a weak acid and a weak base, K h = 

K a K b 

Notice that it is always the dissociation constant of the weak con- 
stituent that appears in the denominator^ 

' These formula can only be regarded as approximately true, for they 
have been derived on the basis of assumptions which are probably in 
part inaccurate* 

The relationship between K h and h follows from consideration of 
equation (1), abo^e. We have for the equation for the hydrolysis of a 
salt of a strong base and a weak acid T 

X+ + A- + H 2 0 ^ X+ + OH~ + HA, 
or ■ A-~+H 2 O^GH~+HA, 
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If one gram-molecule of the salt is dissolved in v litres of water, and h is 
the degree of hydrolysis, the molecular concentration of unhydrolysed 

'1 lit 

sa |t is — — , and that of the hydrolysed salt and of the free acid will 


Hence, K h = —— = 

If h is small, vK k = tfi. 

As an example of the use of the above equations, we will calculate the 
degree of hydrolysis of A/10 and N/ 100 solutions of potassium cyanide. 
The dissociation constant of hydrogen cyanide is 7-2 X 10~ 10 at 25° C. 
Potassium cyanide is the salt of a strong base and a weak acid, 


. = 1-389 X 10-°. " 

Now, the reaction is 

K+ + CN- + H 2 0 = K++ OH-+HCN, 
or CN- + H 2 0 = OH- + HCN 

_[OH-][HCN] „ 

and &h — 

The degree of hydrolysis is h. In A/10 solution [OH - ] = — 


= 1-389 X 10~ 4 

1 - h 

h will he small and can be neglected with respect to 1 

4 2 ==*1-39 X lO^ 4 
h = 1-18 X 10~ 2 . 

In A/100 solution, [OH] = h = [HCN], and [ON - ] 
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h 2 


1*389 X 10~ 3 . 


1 - h 

Neglecting h -with respect to 1, -we have 

fc* = 1*39 X 10~~ 3 
h = 3*77 X 16™ 2 . 


Determination of the Degree of Hydrolysis of a Salt— There 
are several methods of doing this, including the following: — 

(1) The Distribution Method. 

(2) The Conductivity Method. 

(3) The Colligative Property Method. 

(4) Hydrogen Ion Methods. 

(1) The Distribution Method . — It is obvious that the ordinary 
methods of chemical analysis cannot be used to investigate the equili- 
brium, for this .would be shifted by their application. A physical 
method must therefore be used. In the distribution method, a solvent 
is taken which will dissolve one of the products of the hydrolysis. The 
distribution of this substance between the solvent and water is first 
determined, so that the concentration of the substance in the solvent, if 
subsequently determined, is an index of the concentration in the 
aqueous layer. 

The degree of hydrolysis of aniline hydrochloride may be found in 
this way. First it is necessary to determine the distribution coefficient 
of aniline between water and benzene. This is done by shaking 10 gins, 
of aniline with 1,000 c.c. of water and 60 c.c. benzene. Withdraw 50 c.c. 
from the benzene layer, and determine the amount of aniline in it by 
passing in dry hydrogen chloride gas. This precipitates the aniline as 
hydrochloride, in which form it may be weighed by evaporating off the 
excess of benzene on the water bath. From the weight of the hydro- 
chloride, the weight of aniline in the benzene layer can be found. The 
rest must be in the water layer. Taking the volume of the benzene 
layer as 59 c.c., allowing I c.c. for solution in water, the concentrations 
of aniline in the two layers are found, and the distribution coefficient 
determined. 

Now take 10 gms, of aniline hydrochloride (or the equivalent of 
aniline and hydrochloric acid) and shake up as before with 60 c.c. 
.benzene and 1,0 00 c.c. water. Determine the amount of aniline in the 
benzene layer by precipitation with dry hydrogen chloride. From the 
distribution coefficient we know the weight of free aniline in the 
aqueous layer, and from this the degree of hydrolysis^can be found. 

Let D be the distribution coefficient of the aniline betweeh benzene 
and water, and v the volume of benzene, in litres, taken to 1,000 c.c. 
water. * * 

Let be the concentration of base in the aqueous layer,, in gram- 
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equivalents per litre, and c 2 the original concentration of the salt in 
gram-equivalents per litre. 

As there is c ± of base in the aqueous layer, there must also be c x vD 
in the benzene layer, so that the total concentration of the base is 
c i (l ~f* v &)* Hence, the concentration of the unhydrolysed salt is 
c 2 - e x (l + vD). There must also be, in the aqueous layer, acid, of 
concentration c x (l + vD). 

. Applying the Law of Mass Action to the equilibrium 
salt -f water ^ base ~j~ add, 

[base] [acid] 

""[salt ] =A& ' 

Substituting the values found, we have 
c t 2 (l + vD) ^ 

C 2 “ C l(l + V &) 

from which K hl pan be readily calculated. The degree ofjhydrolysis can 
be calculated from this. 

(2) The Conductivity Method . — Suppose a solution contains one gram 
equivalent of salt per litre and that h Is the degree of hydrolysis, then 
the concentration of mihydrolysed salt is 1 - k and there are h gram 
equivalents of free base and free acid also present. The acitMs assumed 
weak, and therefore, un-ionised. Hence it is assumed that it does not 
contribute to the conductivity of the solution. The conductivity is 
therefore 

A =(1 - h)A' + M* 

i i a - A' ; 

and so h = — 


where A' is the equivalent conductivity of the unhydrolysed salt and 
A n the equivalent conductivity of the free base. The conductivity A 
can be measured. A" is usually taken as the equivalent conductance 
of the base at infinite dilution (this assumes the concentration of base 
is small). A ' is determined by adding free acid to the solution. Sine© 

[free base] [free acid] , . , . .... . . . », « - 

K 5 = 4 — — — 4 ^— — to mamtam the equilibrium the addition of 

[unhydrolysed saltfr ■ ■ V . = 

free acid must result in an in3rease in the amount of unhydrolysed salt. 
Thus, the hydrolysis decreases. By adding sufficient free acid the 
hydrolysis can be repressed. The free acid is therefore added to the 
solution until the conductivity becomes constant, which means that 
the hydrolysis has been completely repressed, and the conductivity of 
the solution A' is now assumed to be entirely due t ^unhydrolysed salt. 
It is assumed that the free acid does not contribute to the conductivity* 
On finding A, A* and A*, h can be determined* The chief error in the 
method lies in the neglect of the conductance of the added acid. . 
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(3) The Colligative Property Method.— In the equation 
X+ + A- + H 2 0 ^X++ OH-+HA 

the number of individuab present, 


there b obviously an increase in 
water not being counted. This will result in a lowering of the vapour 
pressure, and hence a lowering of freezing point and elevation of boiling 
point. By determining the effect of the hydrolysis on one of these we 
can find the degree of hydrolysis. Since these methods are not very 
sensitive, it is clear that they can only be used with accuracy for 

substances that are highly hydrolysed. 

(41 Hydrogen Ion Methods— As an example, suppose that a solution 
con taining a; gram-molecules of the salt of a strong acid and a weak 
base, dissolved in 1 litre of water, is investigated. The p H of this 
solution is found to be 5-8, say. It is required to find the degree of 
hydrolysis. The equation governing the hydrolysis is 
• . BH+ + H 2 0#B + H 3 0+ 

If ft is the degree of hydrolysis, the amount of BH+ left will be x{l - h), 
and the amounts of B and H 3 0+ formed will be xh. The concentration 
offeydrogen ions may be found from the fa value as foEows: 

-log 10 [H+] = 5-8, 

log 10 [H+] - 6-2000 

[H+] = 1-585 X 10- 6 gm.-mob. per litre. 

Hence xh = 1-585 X 1G~ 6 gm.-mob. per litre. Knowing x, h can be 

calculated. . 

Having determined x and h } K h can be determined. Further,, lor a 
weak acid and strong base the same method can be applied if the 
concentration of OH~ ions in solution is determined. Therefore, the 
hydrolysis constant for any reaction can be determined once tjie pu 
of the solution is found. Any method of determining p H e&n be used, 
for example indicators or electromotive force methods. The fact that 
H + or OH" ions may be specific catalysts for certain reactions and that 


If we can find K h and K a we can obviously find K m provided that the 
metbod-uaed for finding^ does not involve the use of K„. 

As an example, we can take the hydrolysis of sodium acetate. For a 
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Mj 10 solution at 25° 0,, the hydrolysis amounts to 0-008 per cent. 

A [aeicl] = [base] = 0*00008 X 04 
[salt] = 04 (neglecting the very small amount hydrolysed) 

i- I t«cid] [W] _ (0-000008) a = 0 . M x ](r , 

1 [unhyd. salt] 04 

Now K a for acetic acid = 1-8 X 10“ 5 . 

A K w = K a K h = 1*8 X 10™ 3 X 0*64 X 10~» 

= 1*2 x i(r M 

t,e. f [H+] [OH - ] - 1*2 X 10“ 14 » 

or [H+] = [OH~] - 1*1 X 10~ 7 

380, Buffer Solutions,— Even the purest water does not retain a pn 
value of 7 for very long. The reason for this is that carbon dioxide in the 
air dissolves in the water and gives it a slight acid .reaction, or silicates 
may be dissoivdU from the glass in which the water is Sept, and the 
smallest trace of these impurities gives rise to an alteration in the p H 
value. It is sometimes necessary to prepare solutions of known ph 
value, and to know that this p H will not alter when, say, a drop of 
indicator is added to the solution. Such solutions, which are Reasonably 
permanent in p H value, are called solutions with reserve acidity or 
alkalinity, or more often bu ffer solutions . 

Buffer solutions are usually made up of a mixture of the salt of a 
weak acid and the acid itself in various proportions, e.g. f sodium acetate 
and acetic acid. In a solution of this mixture we have mainly sodium 
ions and acetate ions. There will also be some hydrogen and hydroxyl 
ions. There is, however, a large excess of acetate ions owing to the 
presence of the well-ionised sodium acetate. If hydrogen ions are added 
to this*solution they combine with the acetate ions to give very slightly 
dissociated acetic acid 

H+ + A-^HA 

[ H+3 [A~] = R 

# [HA] 

hr stands for the acetate ion. * * . ■ ; : ; 

Hence there will be little increase in the p^. The addition of an acid to 
the buffer solution therefore makes little difference to tke$? H value. 

The value of the p B for a mixture of sodium acetate and acetic acid 
can easily be calculated if the dissociation constant of the acid is known. 

Thus, the dissociation constant of acetic acid is 1*# X 10~ 5 at 25° C, 
Suppose we have a solutiSn containing 0*2 gm.-molecul© of acetic acid 
per litre, and 0*02 gm. -molecule of sodium acetal# per litre. We require 
to find thepn of the solution. 
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Assuming that the acid, since it is weak, is not dissociated at all, whilst 
the salt is completely dissociated, 


Ph = + lo gio pjpj — 

The values of the p H given in the Table below have been obtained by 
calculation in this way: — 

Table LXXXVIII 


Gm.-moL Sodium Acetate 
. per Litre. - 


Gm.-mol. Acetic Add 
per Litre. 



The expression for [H+] involves the ratio [HA] to [A~] and p B involves 
the inverse ratio, [A~] to [HA], that is the ratio of salt to acid. Dilution 
of a buffer solution does not change this ratio and hence dilution 
leaves the p R of the buffer unaffected, 

mt ' . & [HA] 

ihe expression [H^] — 


can be rearranged to 


^ hence 


Pa = lo gio 


1 

[H+3 

1 


[A-J 

[A~] 

Z[HA] 

1 

' K 


logiu ~ + log 10 


[Salt] 


[H+] '' olv K ‘ [Acid] 

The expression log 30 ~ is known as the p K of the acid. The equation 


Pa =jPk + 1o{ 


[salt] 


K 

is called the Henderson equation* 


1 [acid] 

It is clear that a solution containing the salt of any weak acid together 
with the weak acid itself will behave in a similar way to the above, and 
the following are frequently used as buffer solutions: 

Sodium carbonate and sodium bicarbonate. * c 

Disodium hydrogen phosphate and sodium dihydrogen phosphate. 
Boric acid and borax. a 

Citric acid and sodium citrate. 

Phthalie acid and potassium hydrogen phthalate. 

The effect of adding 1 c.c, of Nj 100 hydrochloric acid to 1 litre of the 
buffer solution containing 0*2 gm.-molecule of acetic acid per litre and 
0*02 gin. -molecules of sodium acetate per litre, of which the p& has just 
been found, may be calculated. 

The amount of hydrochloric 
acid added is 0*00001 gm. -mole- 
cule.* Assuming the acid to be 
completely dissociated, 0*00001 
gm.-molecule of hydrogen ion will 
be added. The volume change 
consequent upon the addition will 
be neglected. The addition of the 
hydrogen ions causes the* forma- 
tion of more acetic acid from the 
sodium acetate, and some of the 
latter will be used up: — 

NaA+HCl = NaCl + HA, ^ 
where A* stands ^for the acetate 
group. Assuming that the acetic 

acid is not at all dissociated and the sodium acetate is completely dis- 
sociated, the reaction will proceed to completion, and all the hydrogen 


0! 
0 A 
02 B 


0-02 0*04 0-Ofl O OS 0*1 O-JJ 0-14 *•!« 0-16 ~ « A 
0-18 O ld 0*14 0-12 CM O-OS 0*06 0 04 0152 C'<A 
vCofAboftibion oF Mixture ■"om.rmols. per litre ■ ■".'■..■OB 

A ’.Acetic." Acid . 

8* SodiumAcetafce 


Fig, 201 . — pn Values of Mixtures. 
Sodium Acetate and Acetic Acid. 
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ions will be used up in forming undissociated acetic acid. The amount of 
^dissociated acid thus formed will be 0*00001 gm. -molecule, and the 
amount of sodium acetate used up will also be 0*00001 gm. -molecule, so 
that the concentrations [HA] and [A] are now 0*20001, and 0*01999 gm.-' 
molecule respectively. Hence, as explained above, 
fTT-L/i 1*8 X 10” s X [HA] 


giving a p H of log 10 — = 3*74, which is not 'different from that 

1*801 X 10 

of the buffer solution itself (3*74, calculated above). 

The effect of adding 1 c.c. of AT/100 hydrochloric acid to water is much 
greater. The concentration of [H+] added is 0*00001 gm.-molecule per 
litre. Neglecting the ionisation of water, the p n of this 'solution would 

obviously be log 10 = 5. The_p H therefore changes from 7 to 5. 

The above calculations on the p H of buffer solutions have been very 
greatly simplified. The assumptions with regard to the degree of 
dissociation of the weak acid and its salt are certainly not true; but, 
without this simplification, the calculation is very complicated. 

Buffer solutions also resist change in p H on the addition of alkali. 
For example when sodium hydroxide is added to a sodium acetate- 
acetic acid mixture the acetic acid reacts with sodium hydroxide to 
form w ater and sodium acetate. The OIT“ ions of the base are thus 
removed from the solution leaving the p H of the buffer relatively 
undisturbed. Buffer solutions are also made up from mixtures of weak 
bases and their salts. The principle of the buffering action of such 
solutions is the same as for the w r eak acid-salt mixtures. 

331. Hydrogen Ion Concentration Changes in the Neutralisation of 
. a Strong Arid by a Strong Base. — Quite a different state of affairs is 
met with here, because the acid, the base, and the salt may all be 
regarded as completely ionised. 

Let us consider the titration of a normal solution of a base with a 
normal solution of a strong acid, and calculate the p H of the solution at 
various stages in the neutralisation. Since both acid and base are strong, 
there will be no effect on the salt produced during the neutralisation, 
and no hydrolysis. 

When 10 c.c. of a«d have been added to 50 c.c. of bake, and the whole 
has been made up to 1 litre, there are 40 c.<?. of base left. Since the 
solution.was normal th^re are 40/1,000 gm.-equivalents of base in this 
volume, so the hydroxyl ion concentration now is 40/1,000, Le., 0*04 = 
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4 X 10 -3 . The hydrogen ion concentration is given by the expression 

[H+] [OH - ] = IO -14 . 

10-14 

Hence, [H+] = = 2-5 X IO -43 . 

4 X. 10 * 

When 20 c.c. of acid have been added, there are now SO c.c. of base 
left un-neutralised, and hence the hydroxyl ion concentration is now 
3 X 10~ 2 , and the hydrogen ion concentration 3*3 X 10” 13 * 

The p H begins to alter very rapidly in the neighbourhood of the 
neutralisation point. When 49*5 c.c. of acid have been added, there is 
0*5 c.c, of base left, and the hydroxyl ion concentration is 0*5/1, C$0 = 

5 X 10'“ 4 . The hydrogen ion concentration is 

10~i4 + 5 x io-4 = 2x 10~ n . 

Now, when 50*5 c.c. of acid have been added, the hydrogen ion 
concentration is 5 X 10“ 4 . There is thus a change in hydrogen ion 
concentration from 2 X 10" 11 to 5 X 10“ 4 during the addition of- 
1 c.c. of acid the neutralisation point. Obviously such a mixture 
could not be used as a buffer mixture, because the addition of a trace of 
acid would alter its p H very much. . * * 

The values obtained for the p H of the solution at various points in the 
titration are given in the Table LXXXIX, and are also plotted in the 
graph (Curve I). This curve is a typical neutralisation curveYor a strong 
acid and a strong base. 

This curve should be compared with that for the titration of a weak' 
acid by a strong base (Curve II). 

The calculation in this case is rather more difficult owing to the fact 
that the acid is only slightly dissociated, the salt produced by the 


Table LXXXIX. 


: C?e» N NapH added to 

50 c.c. N acid. . . 

[Hi. 

plL 

% 

45-0 

5 X 10 -3 


49-0 

1 X io -3 

3-0 

49-5 

5 X IO -4 

3-3 

49-9 

’ , rx io -4 

4-0 

49-95 

5 X 10 -5 

4-3 

50-0 

1 X IO -7 

7-0 

50-05 

2 X 10 -10 

9-7 

50-10 

1 X IO -10 

10-0 

50-5 ' 

2 X io -11 

• 10-7 

51-0 . 

* 1 X 10 -11 

11-0 

55-0 

2 X 10 -11 

J 11-7 


■ ■ - ■ 'V-' 


WP 



. These corves are of importance In connection with electrometric 
titrations (§ 340). It is clear that the sodden change of p H for a strong 
acid and a strong base indicates the end-point of the reaction. Methods 
of finding p B values are given in § 324; the one usually employed for this 
work is the e.m.f. method. It is obvious that the lack of a sodden change 
• in p h in the case of% weak acid being neutralised by a strong base makes 
this method of little value in this instance. The curve for a weak base 
titrated with a strong acid is similar to the Curve II, but starts in the top 
left-hand corner and finishes at the bottom right-hand comer (Curve XV). 
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neutralisation depresses the dissociation of the acid, and the salt is 
hydrolysed. All three factors have to be taken into account in deducing 
a mathematical expression for the p B at any given stage of the neutralisa- 
tion, In the addition of an alkali to a weak acid, there will be a com- 
paratively large effect on the p B at first, owing to the combination of the 
few hydrogen ions present with the added hydroxyl ions of the alkali, 
but the curve soon flattens out as the salt produced represses the ionisa- 
tion of the acid. At the equivalence point there is a sudden rise, the 
sharpness of which will depend upon the degree of hydrolysis of the salt’ 
formed. The weaker the acid, the greater the hydrolysis, and the smaller 
the inflexion of the curve. For a very weak acid, the p B changes gradually 
■ over the whole range. The titration curve is shown in Fig. 202 for the 
case of a moderately weak acid (II) and a very weak acid (III) and a 
strong base. 


I. 

II. 


to 2D SO 40 SO 60 TO ©0 90 # ' 

m Volume oF base (chadded to 50cc.acid {Curvesl.il, Hi) 

Volume of at!eJ(cc) added! to SOcxbwse (Curve 3Y) 

f, Fig, 202. — -Titration of an Acid with a Base. 

Strong acid — strong base. 331. Very weak acid — strong base. 

Weak acid — strong base. IV. Weak base — strong acid. 
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332* Theory of Indicators. — -An indicator is a substance which 
possesses one colour in acid solution and an entirely different one in 
alkaline solution, t.e., its colour changes with changing hydrogen ion 
concentration. It follows that it will be more sensitive the smaller the 
p H range over which the colour changes. 

Ostwald's theory of indicators (1891) supposed that the colour change 
was due to ionisation. Indicators were supposed to be weak acids or 
■weak bases. They dissolved to give small amounts of hydrogen or 
hydroxyl ions, and their degrees of ionisation were altered by changes 
in the concentration of these ions. It was assumed that in the non- 
ionised state the indicator had a different colour fi»m that of its i»ns. 

' Suppose that the indicator is a weak acid HX. It dissociates in water 
according to the equation 

HX ^ H+ + X- 

Addition of hydrogen ions causes the reaction to go from right to left. 

The hydrogen ion is, of course, colourless, and so.it must be thc*X“ ion 
that is coloured. Let us see what happens in the case of methyl orange. 
Methyl orange was supposed by Ostwald to be a very weak base. In 
solution, there&re, there will be traces of hydroxyl ions and a ca*fUn. 

The undissociated substance is yellow; the colour of the cation is red. 

The methyl oratige dissociates as follows: — # 

X.OH^X++GH-. 

Yellow. Red. 

Addition of acid forces the ionisation towards the right, for the hydrogen 
ions combine with the hydroxyl ions to give the relatively little ionised 
water. This results in the further ionisation of the indicator, and the 
liquid is consequently red. On adding alkali, hydroxyl ions are added, 
which force the ionisation back to the left. Hence, the solution becomes * 
yellow. 

Phenolphthalein may be supposed to act as a weak acid. It therefore 
dissociates* as follows: — ■ m 

HPh^Hr + H+ 

Red. ^ 

The undissociated acid is colourless; the Ph~ ion is red. •Addition of 
hydrogen ions, i.e., addition of acid, forces the dissociation baek, and 
. causes the formation of ugdissociated phenolphthalein which is colour- 
less. Addition of OH - ions addition of alkali) causes diminution 
of the hydrogen ion concentration, and therefore further ionisation 
takes place. The colour is thus that of the Phr ion, i.e. , red. • 

The fact that phenolphthalein .cannot be satisfactorily used for the 
titration of ammonia or other weak bases is due to the hydrolysis of the 
salt formed between the ammonia and the indicatoi* Near the end-point • 
of the titratioif there would be formed some NH 4 Ph, but hydrolysis 
prevents the formation of Ph - ions as shown in Mie equation • 

. NH 4 + -f Ph- + 11,0 ^ HPh -f- NHjOH. 
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Hence, the solution remains colourless, until a large excess of ammonia 
has been added* 

Methyl orange, being a weak base, is, in a similar way, unsuitable for 
the titration of a weak acid, but quite satisfactory for a weak base. This 
point is also brought out by a study of the titration curves (Eig. 202) 
for a strong acid and a weak base, and a weak acid and a strong base. 
The indicator works only over a certain p n range (Table XO). This 
range may cover the addition of a large quantity of one of the reactants 
to the other. Thus, in Curve III, the p H changes from 5 to 8 during the 
addition of several c.c. of base, and an indicator changing colour over 



this range would not give a satisfactory end-point. In Curve I, this p H 
change occurs with the addition of a few drops of base only, and hence 
an indicator changing colour over this range could be used satisfactorily. 

It is now generally regarded that the cause of the colour changes of 
indicators is a tautomeric change in structure rather than ionisation. ■ It 
is supposed that an indicator solution consists of an equilibrium mixture 
of two or perhaps more tautomers, one of which exists in acid solution, 
the other in alkaline solution. At least one of the tautomers is a weak 
acid or a weak base. Phenolphthalein is a “pseudo-acid”. Its salts have 
the same structure as the acid itself, whilst colourless phenolphthalein 
is not an acid. The two forms of phenolphthalein are ' 

>C 6 H 4 OH / C 6 H 4 OH /Cel 

[ 4 - — C\ Tautomeric C 6 H 4 — Ci( Ionic C 6 H 4 — -C,( 

I x C 6 H 4 OH # j X C 6 H 4 0 ^ 2H+ + I - C 6 B 


Colourless . Red 

It can readily be understood how phenolphthalein acts as an indicator 
on the basis of this theory. Let H 2 Ph be the colourless phenolph- 
thalein, 1 and H 2 Ph the tautomeric coloured form. When sodium 
hydroxide is added, the salt Na 2 Ph' is formed, which is coloured, as the 
Phr - ion is red, and the Na + ion is colourless. So long as the solution is 
acid, there is no formation of red ions,* as the form H 2 Ph alone exists in 
the solution. 

It follows from the relationship between p H and dissociation constant 
of an acid (§ 326) 

Z»H = l°gl0 I + loglO — - - 


* Phenolphthalein is probably a dibasic acid, as shown. 


indicator 
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When the Indicator is half converted from the form existing in acidic 
to that in basic solutions [H+] = JL This relationship is extremely 
useful, and is the basis of the determination of the pu of & solution, 
whilst it may also he used for the determination of the degree of dissocia- 
tion of an indicator. 

Table XC gives the colour changes of a number of indicators and 


shows their working range. 

The choice of an indicator for any particular reaction depends largely 
upon the nature of the neutralisation curve (Fig. 202). In the 
titration of a strong acid with a strong base (Curve I), the point of exact 
equivalence is at pj H but the change from pu 4 to p^ 10 and vice versa 
is brought about by the existence of as small a quantity as 0*1 c.c. of acid 
and base respectively in excess. Hence, any indicator changing in 
colour within the p n range 4 to 10 could be used without introducing 
serious error. Even if it changed at p& 4, the error would only be 0*1 c.c. 



Consider now the case, of the titration of a weak acid by a strong base, 
e.g. t acetic acid by sodium hydroxide. This is typified by Curve it 
Actually, sodium acetate is hydrolysed to a certain extent, and, when 
the^H of the solution is 7, the point of equivalence has nqt been reached. 
The p H of the solution of sodium acetate is nearly 9. The inflexion of the 
curve is not so sharp as in Curve I, so that if an indicator were chosen 
which changes, say, at p n 4t{e.g, } methyl orange), this would be con- 
siderably in error. Owing to the broad inflexion, the p H limits for an 
error of 0*1 c.c. on the acidic or basic side are reduced to about 8 and 10. 
An indicator changing over this range (e.g., pbenolphthalein, changing 
at p H 9) would have to be used. For the titration of a weak base by a 
strong acid (Curve IV), the inflexion is broad, and, owing to hydrolysis, 
the point of equivalence will lie on the acid side. To secure an accuracy 
of 0*1 c.c. on either side, an indicator changing within the range p H 
3 to 5 must be used. 

333. Amphoteric Electrolytes, or Ampholytes.— An amphoteric 
substance is one which behaves either as an acid or as a base, according 
to the circumstances. In other words, it can either supply or take up 
protons. 

Many inorganic substances are amphoteric. Common examples are 
zinc hydroxide, Zn(OH) 2 , aluminium hydroxide, Al(OH) 3 , and stannous 
hydroxide, Sn(OH) g . These amphoteric 'hydroxides are capable of 
forming salts with both acids and bases. Thus, zinc hydroxide combines 
with dilute sulphuric acid to give zinc sulphate, which gives a metallic 
cation. It also dissolves in sodium hydroxide solution, giving sodium 
zincate, Na 2 Zn0 2 , in which the metal is to be found in the anion. It is 
“to be supposed that^ although the ionisation of zinc hydroxide is very 
small, it can take place in two ways, according to the "circumstances. 
Thus, it may give zinc add hydroxyl ions 

Zn( OH) a V Zn+ + + 2(OH)~; 
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or it may give hydrogen ions and zincate ions 

Zn(OH] s ^ 2H+ + (Zn0 2 r ~ 

Suppose an alkali is added to a suspension of zinc hydroxide in water. 
In this case, the second type of ionisation will be favoured, since 
hydrogen ions will be removed from the sphere of action by' combina- 
tion with hydroxyl Ions to form water. Thus, the formation of zincate 
ions will proceed almost to completion. If, however, an acid is added to 
the suspension of zinc hydroxide in water, the first type of ionisation 
will be favoured, as hydroxyl ions will be removed by the added 
hydrogen ions. In the amphoteric hydroxides, it i§ really the hydroxyl 
group which is capable of ionising in two ways. 

Many organic substances are also amphoteric, but here the 
amphoteric nature is due to a different cause. Organic ampholytes 
contain two different groups, one being acidic and the other basic in 
nature. The most common example of such a compound is an amino- 
acid, such as glycine (amino-acetic acid), CH 2 NH 2 . COOH, The 
- jSTH 2 group lias basic powers, the - COOH group has acidic powers. 
The substance can, therefore, ionise in two ways in aqueous solution^* 

(1) NH 2 . CH 2 . COOH + H 2 0 ^ NH 3 . CH 2 . COOH + OH~ 

(2) NH f . CH 2 . COOH ^ HH 2 . CH 2 . COO- + H+ 

In the presence of an acid, the first type of ionisation will occur, the 
hydroxyl ions being removed by the added hydrogen ions. In the 
presence of an alkali, the second equation will express the ionisation, 
for the added hydroxyl ions will combine with hydrogen ions, and will 
tend to repress the formation of hydroxyl ions according to the first 
equation. Glycine forms both a hydrochloride and a sodium salt, x 

In the case of organic ampholytes, a third type of ion, which carries 
boils* a positive and a negative charge, can exist. These are known as 
“Zwitter” 1 or “dual” ions. Thus, glycine can produce tfip ZmMer4 on 


NH 2 . CH 2 . COOH v* lnh 3 . CH 2 . COOJ. 

It is probable that in aqueous solution an amino-acid exists almost 
entirely in the form of the Z^itter-ion. The addition of an acid converts 

4 * 

the Zwitter-ion into the basic ion [NH S . CH 2 . COOH], 

[nh 3 .ch 2 . coo] +k+^ [nh 3 -ch 2 . cooh] . 

The removal of the Zwi^ber-ion results in further dissociation, and the 
acid further disSolves. The addition of a base converts the Zwitter-ion 
into the acidic ion [NH 2 . CH S . COO]- # ' 

* 1 German “Zwitter ** = hybrid. 
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f NH S CH. . coo] + OH- # [nH 2 . 0H a . COo] + H 2 0, 

or L ’ [HO.NH 3 .OH 3 .COO]-. _ 

This can be compared with the action of acids and bases on ammomum 
acetate. If a strong acid is added to ammomum acetate acetic acid is 
produced, together with ammomum ions; if a base is added, acetate 10 ns 
and ammonia molecules are formed. In an ammo-acid, of formula 

NH S . R • COOH, the ions are 

[NHgr R • COQ]-> together with the Zwitter-ion 
The equilibria in the solution of the acid will be: 


thus [nH 3 - R • COOH] and 
[nH 3 - R ■ COO]. 


[nh 3 


. R . COOH 


0-0 


NH, • R • COO 


)] + H+, 


and 


[nh 2 .r.coo] +h 2 o 


NH 3 (0H) . R L C00]- 
_NH S • R • COo]„+ OH- 


Since the amino-acid is capable of removing both [H+] and [OH ] 
ions.it wffl make a good buffer {§ 330). The proteins consist of comp ex 
amino-acids, and there is little doubt that the consent Rvalue of the 
protein-containing liquids of the body, such as the blood, is due to this 

bifffeactaon^ ^ ^ Complex Salts.— When solutions of two 
different salts are mixed in equivalent proportions, and the mixture is 
evaporated, it sometimes happens that the crystals forming are com- 
posed of a double salt. Thus, if solutions of equivalent quantities of 
ferrous sulphate and of ammomum sulphate are mixed, and the solution 
is evaporated, there separates out as a crystalline phase,, ferrous 
ammonium sulphate, FeS0 4 . (NH 4 ),S0 4 ..6H 2 0. This salt is some- 
what different in appearance and properties from the salts from well 

If silver cyanide is added to potassium cyanide solution, it dissolves, 
and from the solution a new salt, potassium argento-cyamde, KAg(01N) 2 , 
is formed. This has notably different properties from either of the 
original salts. In solution there is no trace of silver ions detectable by 
chemical tests, but instead a complexion, (Ag(CN) 2 )-, exists, together 
with potassium ions. There are a very large number of salts such as 

this, which are called “complex salts . . , 

~RVfl.mplp.fl of common complex salts are the ferro- and femcyamdes. 
The salts formed when silver chloride dissolves in ammonia, or in 
sodium thiosulphate, or in potassium cyanide, just mentioned, are 

^There appears to be no definite line of demarcation between double 
salts and complex salts as far as chemical properties go. They .are 
the extremes of a series of varying degrees of chemical combination- 
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The differences lie only in the degree of stability of the complex ion. 
In what are usually called double salts, the complex ion is readily 
broken down into Its constituents. Some authors (e.g. t Ephraim, 
Inorganic Chemistry , tram. P. C. L. Thorne) regard the schonltes 
(M u S 0 4 . MgS0 4 . 6H 2 0), of which ferrous ammonium sulphate is one, 
as complex salts (M I 2 [M n {S0 4 ) 2 ] n . 6H 2 0). The alums likewise they 
take to be not M^S0 4 . M“(SQ 4 ) 3 . 24H 2 0, but M’[M m {SG 4 ) 2 ] . 12H*0. 
This view regards all the double salts merely as very unstable complex 
compounds. An [M^SOJg] — ion probably exists in a solution of 
ferrous ammonium sulphate, and there would only have to be a*small 
amount of dissociation into M + + and (S0 4 ) “ ~ ions for these latter to be 
detected. As soon as they were removed from the solution by precipita- 
tion, more of the complex ion would decompose, giving, finally, com- 
plete breakdown of the complex ion. 

Investigation of Complex Ions.— As a rule, complex salts are quite 
stable in the solid state, and X-ray analysis of their structure reveals the 
presence of the complex ion. There are, however, many ways in which 
the presence Decomplex ions in solution may b© recognised. The thief 
of these are: — 

(1) Qualitative Analysis . — It has already been stated that the 
complex salt ionises in a different way from a double sail. Although 
it contains two metals, one of them is to be found in the anion, and 
therefore is not evident in solution as a metal ion. Hence, the solution 
will not answer to the tests for that ion. Thus, if copper sulphate is 
treated with potassium cyanide a white precipitate of cuprous cyanide, 
Cu 2 (CN) 2 , is first produced, which dissolves in excess of the cyanide, 
giving a solution containing potassium cupro- cyanide, K 2 Cu(CN) 3 . 
This solution gives none of the tests for copper. Thus we find that if 
amrqonium sulphide solution be added no black precipitate results. 
TMs fact Is made use of in qualitative analysis in the ^paration of 
cadmium from copper. If to a solution containing both metals an excess 
of potassium cyanide is added, both metals form complex cyanides, but 
the cadmium compound is much less stable than the copper salt. Hence, 
addition of ammonium sulphide, or passage of hydrogen sulphide, 
precipitates the cadmium smlphidp, but leaves the copper in the solution. 
The complex cadmium cyaniHe ion breaks down as follows: — 

Cd(G N)r ~^Cd+ + + 4GN“ 

There is an equilibrium between these ions, and removal of Cd + + 
by ammonium sulphide results in«fche shifting of the equilibrium to the 
right, and so, finally, all the cadmium is precipitated. It is clear that 
only the most stable complex ions will fail to give the qualitative tests * 
for their components. 

The “transition” elements in the Periodic Tkble, together with the 
metals copper, silver and mercury, are all noted for the formation 

\ • ■ * _ ■ * 
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of complex ions. The electronic theory provides an explanation of 
this. 

(2) Solubility Method . — If an inorganic substance is sparingly soluble 
in water, but very soluble in some aqueous solution, it is very likely that 
complex ion formation has taken place. The solubility is easily explained. 
Consider as before silver cyanide. This salt is very sparingly soluble in 
water. It may be supposed, however, to give a few silver and cyanide 
ions: — 

AgON^Ag+ + CN“. 

Addition of potassium cyanide should, on the theory of the solubility 
product (§ 335), depress the ionisation, and hence result in the precipita- 
tion of silver cyanide. What happens is, however, that the cyanide 
ion is removed as well as the silver ion in the formation of the complex 
[Ag(GN)J", and hence the equilibrium is destroyed and the silver 
cyanide goes into solution. Actually, although so much silver cyanide 
dissolves, there js a decrease in the silver ion concentration. 

(3) Distribution Method . — According to the Distribution Law, the 
equilibrium in two phases between which a substance distributes itself 
exists only between molecular species which are identical. This fact is 
frequently applied to the study of the equilibrium between the halides 
and the halogens. Thus, the solution of bromine in potassium bromide 
has been investigated by Roloff by this method. Solutions of potassium 
bromide were shaken with strong solutions of bromine in carbon 
disulphide, The bromine distributed itself between the bromide layer 
and the disulphide layer. The amount present in each was determined 
by volumetric analysis. The distribution of bromine between water and 
carbon disulphide was also found. 

Suppose that on shaking water with a solution of bromine in carbon 
disulphide a gram-molecules of bromine pass into the aqueous layer per 
litre. When shaken with a solution of KBr containing b gram-molecules 
per litre, th£a c gram-molecules of bromine pass into the aqueous layer. 
Then c - a gram-molecules of bromine must have been used up in 
forming complex ions. 

Suppose that the equilibrium is represented by 
Br~ + Br a ^ Brj . 

(b - (c - a)} a c - a. 

If the concentrations are as indicated in italics above, by the Law of 
Mass Action ^ 

K = " c + a)a 



Actually, Roloff found that K came out to be constant within the limits 
of experimental error, and so the above equation may be regarded as 
the correct one for expressing this equilibrium. 
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(4) Ionic Migration Method . — It is clear that the size of the ion and 
its nature will influence transport experiments (§ 306)* Hence, in a 
transport experiment it would be possible to indicate the presence of 
complex ions, and this was done by Hittorf for potassium ferrocyanide. 

His results are interesting, and should be read in connection with this 
work in the chapter on Electrolysis (§ 307). 

13*7207 Gms. of solution before electrolysis gave, when evaporated 
with sulphuric acid and ignited, 2*0505 gms. of potassium sulphate, and 
0*4869 gm. of ferric oxide. After electrolysis 23*3087 gms. of solution 
from the anode compartment gave 3*2445 gms. of potassium sulphate, 
and 0*8586 gm. of ferric oxide. The amount of* current flowing was 
shown by a silver voltameter. During the experiment 0*5625 gm. of 
silver was deposited. The analysis quoted shows that the anode 
solution after electrolysis contained 1*4585 gms. of potassium and 
0*60096 gm. of iron. In potassium ferrocyanide 1*4585 gms. of potassium 
is equivalent to 0*5281 gm. of iron. The excess of Iron in the anode 
chamber is tlfeefore 0*07286 gm. = 0-002602 equivalent. The silver 
deposited is 0*00521 equivalent. Hence, the valency of an ion containing 
one equivalents iron is 0*00521/0*002602, or the valdncy of the Com- 
plex ion containing 1 atom of iron is twice this, i.e. } 4. 

(5) Electromotive Force Measurements . — The use of this method is * 
described in § 340. 

(6) Conductivity . — This method was used largely by Werner in his 
study of co-ordination compounds. 

The formation of complex compounds alters the number of ions 
present. Thus chromic chloride, CrCl 3 , should give four ions, but 
actually it gives only two, owing to the formation of the co-ordination 
compound [Cr(H 2 0) 3 Gl 2 ]Cl. The conductivity is, therefore, propor- 
tionately diminished. The size of the ion also alters its mobility and 
therefore affects the conductivity of the solution. 

(7) Determination of Molecular Weight — It is known that the mole- 
cular weight of a substance in solution, as determined by any of the 
colligative property methods, is dependent upon the number of indivi- 
dual particles present. Thus, when hydrogen iodide is added to iodine 
solution, it is found that Jhe freezing point of the latter is unchanged. 
Hence, there cannot have bden any alteration in the number of indivi- 
duals in the solution. In this way the number of possible complexes 

is limited. * 

335* Solubility Product. — If a**solution of an electrolyte is in contact 
with the solid electrolyte, there are two simultaneous equilibria. The 
solid is in equilibrium with its solution, and the non-ionised electrolyte* 
in equilibrium with its ions. Thus 

AB^AB^A+ + B- 

i * 

solid dissolved '-*f ■ r .; : a - : ^ 

' ■ " , * 

* 
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If the Law of Mass Action holds 

FA+][R”] 

[AB] 

' But, if there is solid present, the concentration of the undissociated 
electrolyte is constant, since the undissociated electrolyte is in equili- 
brium with the solid, which has a constant active mass. Hence, the 
product of the ionic concentrations will be constant, and 

[A+][B-]=& 

This product is called the solubility product 
Nofe that we can~only speak of a solubility product when there is 
excess of solid electrolyte remaining over. The solubility product is not 
the ionic product under all conditions, but only when there is excess of 
. solid present, i.e., when we are dealing with a saturated solution, 

336,^ Applications of the Concept of Solubility Product —The effect 
of an acid in dissolving a sparingly soluble salt was formerly regarded 
as the turning out of a weaker acid by a stronger one. Btlt, according to 
the ionic hypothesis, the hydrogen ions furnished by the stronger acid 
combine with the anions of the salt, forming the more or less undis- 
sociated weaker acid, thus reducing the number of anions. Hence, the 
solubility product of the sparingly soluble salt is not reached, and it goes 
into solution. Thus calcium oxalate dissolves in dilute hydrochloric 
acid. If the salt is represented by CaOx, the solubility product is given 
by [Ca + +] [Ox~-] = 8. If dilute hydrochloric acid is added, the 
hydrogen ions provided by the acid combine with the oxalate ions to 
give the little ionised oxalic acid. Thus the concentration of oxalate 
ions is reduced, and the product [Ca* +] [0x~ “] is now less than S. 
Hence, the salt dissolves until the ionic product is again equal to 8 . 

If, on the other hand, a solution of calcium oxalate in water is taken, 
and a solution of oxalic acid, containing a sufficient concentration of 
oxalate ions-, is added, calcium oxalate will be precipitated, since the 
product [Ca + + ] [Ox ] = 8 will have been exceeded. Similarly, if a 
solution of calcium chloride is added, precipitation may occur. 

Summing" up, for a substance AB, for which the solubility product is 
$, the solid salt can exist in equilibrium with its solution when 
[A+] [B“] = 8 ; c * 
when •■■■'.. 

[A+3 [B-] < S, 
the salt dissolves; and when 

[A + ] [B~] >* S, 

„ the solution is supersaturated, and salt deposits. 

The solubility of the sulphides 1 in acids Is governed by similar 

1 It is only possible to gite a simplified account here. Bor a fuller discussion of 
the question see A. I. Mee, u The Precipitation of Sulphides 1 *, School Science 
Review, June, 1937. 
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relationship. The solubility products of some of the metallic sulphides 
are given in the following Table. 

Table XCL — Solubility Products op Sulphides 


Zinc sulphide dissolves in dilute hydrochloric acid, but only slightly 
in dilute acetic acid, whilst manganous sulphide, dissolves readily even 
in dilute acetic acid. This can be explained as follows. The manganous 
sulphide has a solubility product of 7 X 10" 6 . When dilute acetic acid 
is added, quite a small concentration of hydrogen ions is addedf but 
these combine with sulphide ions to give the very little ionised hydrogen 
sulphide. Sindh the number of sulphide ions present is comparatively 
large (compared with other sulphides which dissolve only slightly in 
water), the product of hydrogen and sulphide ion concentrations is 
sufficient to exceed the solubility product of sulphuretted hydrogen, 1 
and so the compound is produced. It may remain in solution, or may be 
partly given off as gas. In any ease, sulphide ions are progressively 
removed from the solution, and all the manganous sulphide dissolves. 

The solubility product of zinc sulphide is 10~ 24 . Here the solubility 
product is much smaller than that of manganous sulphide. The addition 
of dilute acetic acid is insufficient to provide hydrogen ions in great 
enough concentration to reach the solubility product wof hydrogen 
sulphide when there are so few sulphide ions, and so the sulphide does 
not dissolve in dilute acetic acid. A little of it will dissolve, but an 
equilibrium will rapidly be reached. Dilute hydrochloric acid, however, 
contains sufficient hydrogen ions to cause the solubility product of 

1 Strictly speaking, hydrogeli sulphide has not a solubility product in the sense 
of the definition given above. It iS a weak dibasic acid which ionises in two stages;- — 
HoS HS- 

HS-* ^ H+ + 

The dissociation constants are (§ 279):— 

[H + ] [HS~] _ 1A 1 [H+][S“] _ lfwU 
’ [HS~] * • 

* [H+P [S- -] 1 

Hence, . [H 2 S] 10 * 

In a saturated solutioti of the gas at 25° C. (to wMeh temperature the above 
figures refer) [H s S] ~ Od, and hence [H + ] 2 [S ] — IQ” 23 . Tills may be regarded 
as the sohibility product of hydrogen sulphide. 




Sulphide . 

Solubility 

Product. 

Sulphide. 

Solubility 

Product 

MAS (buff) . 

7 x 10-« 

MS . ' ; 

10-27 

FeS . 

rv 10"20 

PbS 

4 X 10-28 

MnS (green) . . i 

6 x 10-22 

CdS 

^ 10-23 

T1 2 S . . . ! 

5 X 10-24 

i ChiS * . 

3 X ld-42 

ZnS . . I 

10-24 

Hg 2 S . 

10-47 

cos . . , ! 

2 x 10-27 

Ag 2 S 

10-50 



HgS 

3 X 10-** 


J r. 
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sulphuretted hydrogen to be reached, and hence the undissociated 
substance is formed and the sulphide dissolves. 

Mercuric sulphide, with a solubility product of 8 X 10~~ 54 , cannot 
provide enough sulphide ions to exceed the solubility product of 
hydrogen sulphide, even if a very strong acid is used. Hence, it is 
insoluble in ail adds. 

The precipitation of sulphides is governed by similar considerations. 
It is known that the sulphide ion concentration in an if/5 solution of 
hydrochloric acid, saturated with hydrogen sulphide, is about I0” 22 . 
For precipitation to occur, the solubility product of the sulphide must 
be exceeded. Suppose the solutions of the metallic salts used are 
approximately if/10; then the concentration of metal ion in the solu- 
tion must be about 0d when each molecule of salt gives one metal ion. 
Hence, the product [Metal] [S~ ”] in such a solution of a metallic salt in 
hydrochloric acid, saturated with hydrogen sulphide, is IQ” 22 X 0*1 = 
10” 23 . Those metals with sulphides of solubility product less than 10” 23 
will be precipitated. Thus, cupric sulphide has the solifbility product 
3 X Id” 42 . This value is more than reached if a 0*1 if solution of cupric 
chloride in 0-2 If hydrochloric acid is treated with hydrogen sulphide. 
Indeed, the value of the product is then 10~ 23 . Hence, cupric sul- 
phide is precipitated. Certain metals lie on the border line. Cadmium 
sulphide has a solubility product about 10” 28 . If the conditions outlined 
above hold, the sulphide will be precipitated on passing hydrogen 
sulphide through a solution of cadmfum chloride in M/5 hydrochloric 
acid. If, however, the hydrochloric acid used is stronger, the value of 
[S“ “] in the solution is less (since (H + ] 2 [S“ ~] must be constant), and 
the solubility product may not now reach 10” 28 , especially if the solution 
is weak in cadmium ions. Zinc sulphide has a solubility product of IQ” 24 . 
This is just on the border line. In aqueous solution, [H + ] 2 [S ] 
is 10"* 23 , and it has been shown that [S ] ^ 10” 15 . If hydrogen 
sulphide is passed through an M / 10 aqueous solution of zinc sulphate, 
the product [Zn + +] [S — ] would be X0~ 16 . This is greater than the 
solubility product of zinc sulphide, and hence zinc sulphide is precipi- 
tated. In M/5 hydrochloric acid [S" “] is IQ” 22 . If Mj 100 zinc chloride 
in M/5 hydrochloric acid were to be treated with hydrogen sulphide, 
the product [Zn+ + ] [S~~ ~] would be 10~* 24 Ju and the sulphide would just 
be precipitated. In stronger acid solutions [S — J is less than 10” 22 ; 
and so in solutions of zinc chloride of concentration less than about 
if/5 no precipitation occurs. If some substance is present in the solu- 
tion which can buffer it, e.g., acetate ions, the hydrogen ions of the 
hydrochloric acid removed as undissociated acetic acid, and so the 
value of [S~ ~] will rise almost to that found in aqueous golution. Thus, 
In presence of sodium acetate, zinc sulphide is readily precipitated. 

The concentration of sulphide ions in an Jf/10 ammonium sulphide 
solution is 2 X IQ” 6 . Nearly all sulphides have solubility products 
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considerably less than this, so they are precipitated, even from very 
dilute solutions, by this reagent. 

The use of a mixture of ammonium chloride and ammonium hydroxide 
to precipitate aluminium,, iron and chromium in qualitative analysis is 
explained in this way. The hydroxides of the metals of the ammonium 
sulphide and ammonium carbonate groups (and magnesium) would 
be precipitated by ammonium hydroxide, the solubility product 
[M + ] [OH - ]® - S being exceeded, owing to the hydroxyl ions being 
supplied by the ammonia. If, however, ammonium chloride is added 
to the ammonium hydroxide, its ionisation is considerably repressed, 
since the concentration of ammonium ions has-been increased, and 
[NH 4 + ] [OH - ] must remain constant. Thus, there is a great decrease 
in the concentration of hydroxyl ions in the solution, and the solubility 
products of the hydroxides of the metals of the above groups and 
magnesium are now not reached. 

The validity of the theory of solubility product has sometimes been 
called in question. There seems no doubt that it holds accurately, or 
fairly accurately, for sparingly soluble salts, but that for saturated 
solutions of substances which are moderately, or easily; soluble in water, 
there are considerable deviations. It has been found, however, that the 
solubility product for a given substance is not always constant. This is 
probably due to the fact that ions added to the saturated solution of a 
salt AB may exert some electrostatic effect on the ions A and B, making 
the solubility product either greater or less. The solubility product is 
constant when activities are substituted for concentrations (§ 204). 
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CHAPTER XVI 


ELECTROMOTIVE FORCE 


337. Tile Voltaic Cell. — A voltaic cell is made up of two electrodes 
dipping into a solution. In a voltaic cell chemical energy is converted 
into electrical energf. The Daniell cell may be taken as an example 
(see Fig. 203). The working of the cell may be illustrated by considering 
each electrode in turn. At the zinc electrode there is a tendency for 
zinc ions Zn + + to go into solution; each ion leaves two electrons at the 
electrode. The process will continue until equilibrium is established 
between the electrode and the solution. At equilibrium there is a 
definite difference of potential between the electrode an& the solution. 



zinc sulphate 
solution 


copper sulphate 
solution 


Fig. 203. — the Daniel! Call 


At the copper electrode the opposite^proeeps is taking place; copper 
ions Cu + + are depositing on the electrode giving it a positive charge. 
When the two electrodes are joined by a wjre the excess electrons on 
the zinc electrode flow along the wire to neutralise the positive charge 
on the copper electrode. This flow ©^electrons constitutes the electric 
current. Conventionally the current is said to flow from the positive 
ho the negative electrode; actually, as pointed out, the movement of 
electrons is in the opposite direction. ^ * 

The electric current ^produced because the reaction Cu+ + -f Zn s=s 
Chi -f Zn+ * is taking place in the cell. 
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* THE VOLTAIC CELL 

The flow of current in a cell depends upon a difference in potential 
between the two electrodes of the cell. The actual difference of potential 
between the two electrodes depends on the difference of potential 
between each electrode and the solution. Nemst calculated the 
potential of a single electrode by assuming that the tendency for ions 
to go into solution is dependent upon what he called the “solution 
pressure” of the metal forming the electrode. For a metal that tends 
to force ions into solution an excess of electrons is left on the electrode. 
The positive ions in solution collect around the electrons on the electrode 
forming an electrical double layer at the junction of the electrode and 
solution. The double layer will build up as more and more positive 
ions go into solution. Meanwhile, an opposite process involving the 
deposition of positive ions on the electrode will be taking place. This 
process is supposed to be related to the osmotic pressure of the ions 
in solution and will depend on the concentration of the ions. At 
equilibrium the two processes occur at the sam<^ rate. .If the potential 
between the dectrode and solution at equilibrium is E, then the elec- 
trical energy necessary to move one gram ion of m etal ions back on to 

the eketrcdee-agamsi pcfteiitial E requires the 

energy - nFE where n is the valency of the ions and F is equal to one 
Faraday. To trike one gram ion from the metal at solution pressure P 

into solution, against the osmotic pressure p requires energy RT log» — * 

p 

(It will be noted that this equation is similar to that for the work done 
in the isothermal expansion of an ideal gas.) At equilibrium the energy 
of these two processes should he equal and hence: 

- nFE = RT log- 

The osmotic pressure is proportional to the concentration of ion in 
solution so - nFE = RT log where k is a constant, ^hen 


The first term is a constant at any temperature for a particular metal 
and can be written E 0 m* 

E = E 0 + “log c = Ef* + ”~~~logio c; 

In the last expression the temperature is assumed 25° C. and the 
logarithms have been converted to the base 10. E 0 represents the 
potential between the electrode and the solution containing one gram 
ion of the xnetgiL The 'Nemst expression is of the right form but the* 
views on which i^ is based — particularly the idea of the solution 
pressure of a metal— are now considered obsolete. 

It is only possible to measure a difference of potential between two 
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electrodes* A single electrode potential cannot be measured. For this 
reason E 0 for hydrogen is fixed as the zero of potential and all other 
potentials are measured relative to this. The hydrogen electrode in a 
solution of normal acid is at zero potential on this arbitrary scale. The 
Table XCII gives E 0 values on this scale for a number of metals. 


Table XCII 


. Metal, 

' Ion. 

Potential, volts. 

Metal. 

Ion. 

Potential, volts. 

Li. 

Li+ 

- 2*96 

T1 

T1+ 

— 0*33 

Rb 

Rb+ * 

- 2-92 

Co 

• Co++ 

— 0*29 

K | 

K+ 

— 2*92 

m 

Ni++ 

— 0*23 

Ba ! 

Ba++ 

— 2*80 

Sn 

Sn ++ 

-0*14 

Na : 

Na+ 

- 2*71 

Pb 

Pb++ 

-0*12 

Mg 

Mg ++ ! 

- 1*55 

Fe 

Fe+++ 1 

- 0*045 

AL : 

A1+++ ! 

- 1*28 

H 

H+ 

0*00 

Mn'" 

Mn+* 

, - 1*10 

Cu 

Cu ++ 

+ 0*34 

2 n 

Zn % + 

— 0*76 

. Hg 

Hg 3 ++ 1,1 

+ 0*80 

Fe 

Fe++ 

- 0*44 

Ag 

Ag+ 

■f 0*80 



— 0*40 

Au \ 

' ■ - ! 

Au + + . 

+ 1*36“ 


This is the electronegative series of the metals. A metal having a 
negative potential has a greater tendency to go into solution as its ions 
than hydrogen has. It follows that if a metal having a certain potential 
is placed in a solution containing ions of a metal of a more positive 
potential, then the former will dissolve, and the ions of the metal in 
solution will be discharged and the element will be precipitated. Thus, 
if zinc is placed in a solution of copper sulphate, the zinc has a con- 
siderable negative potential, viz., - 0*76 volt, whilst copper has a 
positive potential of 0*34 volt. The zinc goes into solution, and the 
copper is precipitated, since the zinc has a greater tendency to dissolve 
as ions than the copper has. Lead will also precipitate copper from 
solution. 

It is possible to determine the potential of certain non-metallie 
elements, but there are numerous difficulties. The following values have 
been obtained: — 


Table XCIJI 


Element.;: 

Ion. 

~Tr— - - 

Potential., v. 

* 

i 

i- . 

+ 0-54 

0 

OH- 

+ 0-4p 

Br # 

Br- 

. + 0-99 

Cl 

ci- 

+ 136* 

F • 

F~ 

+ 1-90 

■ 



* ELECTRODE POTENTIAL 575 

This matter has been dealt with in the simplest possible way. It 
should be realised that the equation from which the electrode potentials 
are calculated is not quite exact, and that the effect of pressure has been 
neglected. There are numerous refinements which cannot be discussed 
here. 

If the standard electrode potentials of the elements are plotted against 
their atomic numbers, it is found that the electrode potential is a funda- 
mental property of the element. There is quite a definite periodicity 
governed by the grouping of the periodic table. It is clear that this 
should be so, for the tendency of a substance to form ions depends upon 
the ease with which one electron or more can be lost from the electron 
shells round the nucleus. This will vary with the number present in the 
outer shell. 

The electrode potential of a metal is one of the factors that decides 
whether it will dissolve in a dilute acid with evolution of hydrogen. The 
elements with negative potentials dissolve in jliiute acids th® more 
readily the greater the numerical value of the potential* It is not to be 
expected that copper will dissolve in dilute sulphuric acid, since the 
tendency for cqpper ions to go into solution is less than that for hydrogen 
ions to come out of it (the metal has a positive electrode potential). It 
must however be remembered that the strength of the acid may modify 
the electrode potential, that the above remarks refer oiify to normal 
solutions, and that there are other factors which must be taken into 
account if the question is to be studied fully . 

It was originally thought that the electrical energy given by the cell 
as a result of the cell reaction is equal to the heat of the reaction. This 
is not so. Actually the electrical energy produced is equal to the 
change in Gibbs free energy brought about by the reaction, i.e., 

_ A a — wWm "Rn-k A a — A r-r ^ 


Whether the electrical work done is greater or less than the heat of the 
reaction depends on the temperature coefficient of the cell, that is the 

variation of E with T . If — is negative then AG > AH and heat is 


absorbed from the surroundings^during the working of the cell. If 


is positive then AH > £\G and heat is given out $> the surroundings o& 
the cell in its forking. The equations given above may be applied to 
measure the free energy change of the cell reaction. • 

338. . Concentration Cells. — A particular case of a voltaic cell is one 


576 
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In which two electrodes of the same metal are dipping into solutions of 
ions of the metal. The two electrode solutions are separate and in each 
electrode compartment the ions are at a different ■ concentration. 
These are denoted by c x and c% (see Fig. 204). The difference In 


electrode Bridge containing solution of salt electrode 


Concentration 


Concentration 


Fig. 204. — Concentration Cell. 



potential between the two electrodes is E 1 — E % where ^ is the differ- 
ence In potential between the metal and the ions in compartment 
1 and E 2 is similarily defined.. Then 


where E 0 is the standard potential for the metal and n is the valency 
of the metal ions. Similarly: - 


At 25° 0. and using common logarithms E x ~ E 2 = log 10 — . 

The electrode compartments are seps^ated by a salt bridge and if the 
electrodes are connected by a wire a current will flow. As the current 
flows ions will deposit from the solution of greater concentration at the 
corresponding electrode and ions will go into solution Hi the compart- 
ment of lesser concentration. The process will corftinue until the con- 
centrations of ions in the electrode compartments are equal.. At this 
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stage the difference in potential between the electrodes is zero. A cell 
of this type is known as a concentration cell. The working of a concen- 
tration cell depends on the tendency of a solute to distribute itself 
uniformly in a solvent. In the example above the cell only works until 
the concentrations in both compartments are equal. 

339. Oxidation and Reduction Potentials.— In ionic processes, 
oxidation means an increase in the number of positive (or decrease in 
the number of negative) charges. Reduction is the reverse of this. In a 
mixed solution of ferrous and ferric ions, the solution will possess 
oxidising or reducing powers according as whether it can gain or lose 
electrons. Thus, if a platinum plate is clipped into such a solution, and 
the mixture tends to oxidise the plate, it will tend to remove electrons 
from the plate, thus giving it a positive charge; if it tends to reduce the 
plate, it will seek to give up electrons to the plate, giving it a negative 
charge. It is clear that the oxidising or reducing power of a solution may 
be measured by the magnitude and sign of the charge given %> the 
platinum electrode. This charge gives rise to an electrode potential 
similar to those previously considered. If the platinum electrode in the 
solution is connected with a normal hydrogen electrode (§ 340) and the 
e.m.f. of the cell is measured, the value of the electrode potential may 
be obtained. * 

The solution will contain Fe + + + , Fe + + and H + ions. Th% last are* of 
course, necessary for the reaction to proceed. The reaction occurring is 

Fe + + + Fe + + . 

This may be regarded as an oxidation of the Fe + + by hydrogen ion, 
which is thereby reduced to hydrogen gas. The equation may therefore 
be written 

Fe+ + + + |H 2 ^Fe+ + + H+. 

The*equilibrium in the system is therefore governed by the equation 

[Fe + + + ] (ph 2 )1 • m 

[Be++][H+] ' ’ j 

where K r is the equilibrium constant, and pn 2 is the pressuramf hydrogen 
gas. The platinum electrode may now be regarded as functioning as an 
ordinary hydrogen electrqde, the potential of the electrode depending 
upon the hydrogen ion concentration and the pressure of the hydrogen 
gas. The potential will be given by 

w BT, [H+3 • 

E=-~ log, 

. CjPHa) I - 

Since, when [H+J = 1, and pa 2 — 1, E = 0, by deflation. 

But, from (1^ above, • . 

• [H+] 1 [Fe+ + +] • ... 

(Pk 2 )1~K‘ [Fe++] • 
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_ „ RT , [Fe+ + +] , _ 

Hence, E = — log e ~ + K, 

where K is a constant. It has the dimensions of a potential, and may be 
called E 0) so that 


0 J 7 & [Fe++] 

Since, when p?e + + +] == [Fe+^j = 1 (i.e., in a solution normal with 
respect to both ions) the logarithmic term is zero, it folows that E 0 is 
the normal electrode potential of the process 

• * Fe+ + + + c — > Fe + 

and is therefore called the 4 'oxidation potential” of that process. 

In the general case, where the difference between the valencies is n, 
the equation is 


Thus, in the case of tin, the process is 
** * 8n+ + + ++2e 

and the equation governing it is 


By measuring the voltages of cells made up, for example, as follows: — 
Negative pole: Hydrogen electrode. 

Positive pole: Platinum plate in a solution containing ferric and 
ferrous chlorides, 

we can determine the oxidation potential of such reactions 
Fe+ + + 4- € > Fe + + * 

The Table gives some of the values obtained for this # and other 
similar reactions. 


Table XCIY 


Potential, volts, 


Reaction, 


Fe(CN), 
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A positive sign means that a molar solution of the ions is more - easily 
reduced than a molar solution of an acid is reduced to hydrogen. 

What information can be gained from this table- of oxidation- 

reduction potentials'? Since the electrode Fe + + * > Fe + + has a 

positive potential of 0*76 volt compared with the hydrogen electrode, 
it follows that it is capable of accepting electrons more easily than will 
the hydrogen of an acid. Hence, the solution of ferric salt may be 
reduced by hydrogen under atmospheric pressure. The electrode 

Cr+ + + >Or + + possesses a negative potential of 0*4 volt. Hydrogen 

under atmospheric pressure cannot bring about this reduction, since a 
molar solution of Or 1 " + + ions is less easily reduced^ Cr + + ions than a 
molar solution of H + ions is reduced to H. In fact, when a chromous salt 
is oxidised by hydrogen ions to a chromic salt, hydrogen is evolved. 
Hydrogen is also liberated from aqueous solutions of vanadous salts, 
and of the bivalent compounds of tungsten and samarium, oxidation 
taking place. # m 

The reducing or oxidising powers of metals in contact with certain 
ions can also be obtained by considering the electronegative series of 
the metals, and the list of oxidation reduction potentials together. Thus, 
copper with an electrode potential + 0*34 volt can reduce ferric salts, 
though with greater difficulty than hydrogen. Silver, however, with an 
electrode potential + 0*80 volt, being more positive than the Fe+ ^ + 
— —> Fe + + electrode, cannot bring about the reduction. Indeed, the 
reverse change will take place. Ferrous sulphate solution reduces silver 
nitrate to metallic silver. 

Another method of representing the oxidising or reducing tendency 
of a system has been proposed. This is the r R value. When a substance 
is an oxidising agent it tends to take up hydrogen; if it is a reducing 
agent it tends to evolve hydrogen. All oxidising and reducing actions 
are certainly not associated with the taking up or liberation of hydrogen, 
but they m§y, in effect, be regarded as such. The more a system tends 
to take up hydrogen, the greater is its oxidising power; the more it tends 
to evolve hydrogen, the greater is its reducing power. It follows that 
in a reversible oxidation-reduction system, such as * 

Fe+ + ++s^Fe+ + 

• « 

the pressure of hydrogen wfth which the system is theoretically in 
equilibrium (the pu 2 of equation (1), above), is a measure of the reducing 
or oxidising power of the system. In very few cases can this hydrogen 
pressure be actually measured, as & is so small, but it may be calculated 
from electrochemical observations. The r H value far any system is the 
logariihmJpMe base 10 of tfoe reciprocal of this hydrogeft pressure , measured 
in atp&gpheres. By comparing r H values, it is possible to say whether 
opdsystem will oxidi^fe another or reduce it. * * 

^ 340. Applications of Electrochemistiy*— (a) To the Study of Chemical 
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Affinity or Change in Free Energy in a Reaction .- This has already been 
referred to in previous sections (§§ 112 and 337). The reversible e.m.f. 
of TSl is a measure of the free energy of the reaction going on m it. 
The validity of this method of determining affim y has been carefully 
tested by a number of observers, and particularly by Rnupffer and 

Bredig. 

The chemical reaction 

T1C1 4- KCNS — TICKS + KOI 

was carried out in a cell by means of the following arrangement 


r^i 

amalgam 


KCNS solution 
saturated with T1CNS 


KOI solution 
saturated with T1CI 


T1 
amalgam 


Tlie e m f of the cell was determined at various temperatures, and the 
free energy change calculated. If the electromotive force is a correct 
measure of free energy change, then the equilibrium constants calculated 
from 'the van’foHoff isotherm should agree with those obtamed by 
analytical methods. It is seen from the results given-below that this 

IS 'This provides strong evidence for the validity of the electrochemical 

method of determining free energy change. 

The equilibrium constant, in the van’t Hoff isotherm, 

-Ao-M’iogjr-irr.iogo ( 4 the 

is a function of the temperature, so that it is possible, by van ^ 
temperature, to make the second term of the equation equal to 5 ture the 
when the free energy change would he zero. At this tempera. ch 
electromotive force of the cell should be zero, if the free ®“ er g|hpve cell 
is measured by this quantity. Kniipffer found that for the 


Temp. 

K. 

Calc.' 

Obs. (analytical).. . 

- 39-9° C. 

0-88 

0-85 

20° C. 

1-26 

1-24 

0-8° 0. 

W • 

1-74 


m. 




the e.m.f. was zero at 42-3° C. This was the value found experimentally 
by altering the temperature of Urn cell until it gave no e ; m.f. Ihe 
temperature calculated from the isotherm was 41-2.° C.-, again in good 

a ^^ n ^ems little doubt then that the electromoftve force method 
does indeed give a corfeet result for the free energfr change of a chemical 
reaction, 
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(5) To the Determination of the Solubility of a Sparingly Soluble Salt, 
and of Solubility Products . — It is clear that the electromotive force of a 
concentration cell can be used to give the concentration of ions in a 
solution. For sparingly soluble substances the ionic concentration may 
he taken as the true solubility, the substance being supposed to be 
entirely dissociated. In this way the solubility of a sparingly soluble 
salt, such as silver chloride, can be determined with great accuracy. 

Suppose that the following cell is set up: — 

Saturated NflOKCl saturated 
Ag Ar/100AgNO 3 NH 4 M) 3 with AgCl [ Ag 

This cell is a concentration cell; it involves silver electrodes dipping 
into solutions of silver ions. The current flows through the cell from 
the potassium chloride side to the silver nitrate side. The potassium 
chloride is added in order to make the cell conduct. The silver chloride 
itself furnishes so few ions that the cell would have a very high-resist- 
ance if this were not done. The saturated ammdnium pitrate solution 
which forms the bridge between the two silver solutions is used to make 
the e.m.f. between the two silver solutions negligible. If this were pot 
used, a correct-ton would have to be applied to eliminate the effect of 
the junction potential* In the Nf 10 potassium chloride + silver 
chloride solution, the silver chloride gives rise to botb silver and 
chlorine ions, but the concentration of chlorine ions from the silver 
chloride is negligible when compared with that from the potassium 
chloride. Hence, assuming that the potassium chloride is completely 
dissociated, the concentration of chlorine ions is 0*1. 

If S is the solubility product, then 

s = [ Ag*-] [01-3 . . . . (1) 

The solubility, If , = VS = V[Ag+] [Cl”] ■ - ' ■ 

ButfCl”3 =s= 0*1, so that M = V[Ag*] 0*1 . ... (2) 

The value of [Ag*] can be determined from the e.m.f. of the cell. If the 
e.m.f; is E, we have 


where c is the concentration in gram-equivalents per litre of Ag* ions 
required. Substituting for mR, T, n, F, and bringing to common 
logarithms, the equation becomes 

E = 0-058 log 10 — , 
where E is the e.m.f. in volts. 

From this c can be emulated and substituted ft equation (1), from 
which the soluftlity product can be obtained. The solubility can then 
be calculated. 1 • . * 

A cell # of a slightly different type has been used by Goodwin for the 
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determination of the solubility of silver chloride. This cell involves the 
use of a chlorine electrode (Le. } a platinum foil, surrounded by chlorine), 
and is represented as follows; — 

Ag J. jy/lGKOl saturated with AgCl | Cl 
Since the chlorine electrode produces anions, the e.m.f. of the cell is 
not the difference between the two electrode potentials, but the sum of 
them. Thus we have for the e.m.f. 

E = 0-058 log ^ + 0-058 log E . 

Now, - 0-058 log [Ag] and - 0*058 log [01] are merely the electrode 
potentials of Ag and Cl respectively, and are known. The e.m.f., 2?, is 
determined, and [Cl"”] is known (0*1), Hence, [Ag+] can be calculated, 
apchhe solubility product obtained as before. 

x (c) To the Determination of Valency .— The expression for the e.m.f. 
of a concentration cell 


involves the valency of the ions, n. If, therefore, we know, or can 
determine, the values of the other quantities in the expression, n can be 
obtained. 

The best example of the use of this method for finding valency is the 
work of Ogg on the valency of the mercurous ion. If the concentration 
cell 

Hg N/2 mercurous nitrate JV/20 mercurous nitrate Hg 
in NjlO nitric acid in N/IQ nitric acid 


is set up, and its e.m.f. determined, n can be found by the following 
calculation. Let the concentration of mercury ions in the N/ 20 solution 
be c l9 and that in the Nj 2 solution c 2 . If the liquid/liquid potential is 
neglected, we have 

„ RT , c 2 0*058, Co 


where E is rhe e.m.f. of the cell. If it is supposed that the solutions are 
completely dissociated (which is, of course, only true to a first approxi- 
mation), we have 7 


Ogg found the potential of the cell to he 0*029 volt. Hence, 
_ 0*058 


Thus, the valency of the mercurous ion is 2, and it should be represented 
as Hg 2 " f + , the formula of a mercurous salt, say the nitrate, being 
Hg 2 (N0 3 ) 2 . There are many other pieces of evidence which* point to 
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the same conclusion. The depression of the freezing point of dilute 
solutiomuof nitric add when mercurous nitrate is dissolved in them, 
proddes evidence for the existence of Hg 2 + + ions. 

^ To the Determination of Hydrogen Ion Concentration , — The 
electromotive force method is the most accurate for the determination 
of hydrogen ion concentration. Use is made of the hydrogen electrode, 
which consists of platinised platinum dipping into the solution of which 
the is required, through which a current of hydrogen is passed. The 
platinum catalyses the electrochemical reaction 
H 2 ~ 2e v* 2H+ 

The electrode thus tends to become positively charged when hydrogen 
ions are converted into gaseous hydrogen, so that The electrode attains 
a definite potential when the electrostatic force repelling the hydrogen 
ions stops further discharge. The potential depends upon the concen- 
tration of hydrogen ions and the concentration of hydrogen gas. 

The e.m.f. of a concentration cell is given by the relationship 
,, ™ 0*059 - c 3 • * 


It is obvious from this equation that if we know E t ~ E 2i n, and^ e 2 
we can find c v * 

Hydrogen gag, in contact with a solution containing hydrogen ions, 
acts like a metal in contact with a solution containing ions of the metal. 
The potential of the hydrogen electrode in a solution normal with respect 
to hydrogen ions is'Taken as zero. 

Suppose a cell is made up of two hydrogen electrodes one dipping in a 
solution of normal acid and the other dipping in a solution with an unde- 
termined concentration of hydrogen ion say c v In this cell e% — 1, n — 1, 
and E 2 is by definition zero, so we have E x = the cell e.m.f. = *059 log c v 
Thus a measurement of e.m.f. E 1 will enable us to determine c t the 
concentration of hydrogen ion and therefore the of the solution. 


Calomel Electrode 


■Hydrogen- 
■etectr-gde. : 
Solution 
pH re quired 


Calomel 

Mercury 


Fig. 205.— Arrangement of Cell for determining Hydrogen Ion Concentration. 

Thus, if we ljad two hydrogen electrodes, one placed in a solution 
normal with, respeclj to hydrogen ions and the other in a solution of 
which the hydrogen ion concentration was required, the two solutions 
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Vipi-ntr separated bv a porous partition or a bridge of some kind, by 
measuring the difference of potential we should find the hydrogen ion 

concentration by using the method above. 

The hydrogen electrode used in practice may take one of many forms. 
The essentials are, however, shown in the left-hand electrode of Fig .^05. 
Hydrogen under a known pressure bubbles through a solution containing 
hydrogen ions, in which is immersed a strip of platinised platinum foil. 

Electrical connection is made with this foil. . 

This electrode should be connected to a hydrogen electrode dipping 
into a normal solution of an acid the normal hy r °g e °- ? 

However, it is not always easy to get exact normality and it is difficult 
to set up such an electrode, so the normal hydrogen electrode is usually 
replaced by a calomel electrode , which has a constant potential, known 
on the hydrogen scale. The calomel electrode is ff^y a mercury 
electrode. It is made by placing a pool of mercury at 
vesseLand covering it with a paste of pure mercurous chlonde mercury 
andpotassium Moride solution. The strength of the latter partly 
determines the e.m.f. of the electrode; hence, the strength must be 
specified. It is usual to employ N[ 10, N, or saturated solution The 
cdfis filled with potassium chloride solution of the correct stren 0 th, 

saturated with mercurous chloride. „„„ 

A diagram of the too electrodes, arranged to determine the hydroge 
ion Miration of a eolation, is given above. The dettnmnat.on of 
„„ii k-it mpn.ns of a ootentiometer, calls for no descrip- 
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The Glass Electrode * — When a glass T 

surface is in contact with a solution it p; 

acquires a potential, which depends 
upon the hydrogen ion concentration of 
the solution. This observation, which | 

was made as far back as 1909 by Haber £ 

and Klemensiewicz, is now used as a 
basis of a method of determining the pn 
of a solution where other electrodes 
cannot be used. The glass electrode 
consists essentialy of a very thin- 
walled glass bulb, A, made of a low 
melting point glass, blown at the end 
of a glass tube. This is filled with 
an electrolyte, e.g., N hydrochloric acid saturated with quinhydrone. 
The upper end of the tube is ground, and a terminal, T, bearing a 
platinum wire, with which electrical contact is made with the electrolyte 
in the tube, is lilted over the ground portion. The bulb is then placed in 
the liquid B, of which the p& is required and the potential is measured 
against a standard electrode C by means of a potentiometer. Since the 
resistance is high, a special galvanometer must be used. The potential 
of the electrode ft connected with the p# of the solution by tfye equation 

E =X + ^Iog e [H+3. 

K is a constant for the electrode depending upon the nature of the glass 
and the electrolyte used in the bulb. It can be determined by finding 
the e.mX produced in buffer solutions of known p H . If a curve is drawn 
between p a and e.m.f,, the p H of any solution measured with the glass 
electrode can be read off directly when the e.m.f. produced is known. 

The nature of the glass used is important. It must not be appreciably 
attacked *by the liquid under test, and yet must have as high a con- 
ductivity as possible. The latter condition is fulfilled by* soda-glass, 
but this is very easily attacked by alkali. For tins reason, the results 
obtained by the glass electrode are not reliable for alkaline solutions 
of greater than 10. • ' 

By the electromotive force method accurate determinations of$> H can 
be made, and if the apparatus iS kept ready, as it can be, where the 
determination has frequently to be made, it is quite rapid. Under 
ordinary circumstances, however, it would be too slow, but commercial 
pn meters based on the electromotive force methods have been 
developed. Accurate determinations of p H can be made on these 
instruments very fapidly. # 

As pointed out in the Tasfc chapter, measurements of jp H can also be 
applied to determinegbhe degree of hydrolysis oi^salts, so measurements 
of e.m.f. can also be used for this purpose. 


Fig . 206. — Glass Electrode. 
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(e) To the Determination of Transport Numbers . — We have not yet 
investigated the Bquid/Iiquid potential in a cell. In the derivation of the 
formula (§ 324), it will be remembered, this potential was neglected, and 
then, in order to make this assumption correct practically, a bridge 
solution of ammonium nitrate was introduced into the cells. The reason 
for the liquid/liquid potential is that there is a transference of ions 
unequally, due to the differing mobilities of the ions. In the derivation 
of the formula (§ 324), it was assumed that when a Faraday of electricity 
passed through the cell, the effect would be to add one gram-ion to the 
anode compartment of the cell, and remove one gram-ion from the 
cathode compartment. This is not what happens, because the ions have 
different mobilities.*" Consider the cell 


j (cone.) j (dilute) ] 

Suppose that c[ is greater than c 2 . Then osmotic pressure tends to make 
the hydrochloric acid diffuse from the concentrated to the dilute 
solution. The hydrogen ion H+ has a greater mobility than the chlorine 
ion Cl“, and tends to outstrip it, giving rise to an e.m.f. at the junction 
such as to slow up the hydrogen ions, and hasten the chlorine ions, till 
both diffuse across at the same rate, as they must. Thus, the dilute 
solution (c 2 ) becomes positive relative to the concentrated solution (c x ). 
Let the liquid/liquid potential be Enq.« When one Faraday of electricity 
passes through the cell, m a gram-equivalents of 01“ pass across the 
boundary in the one direction and m c gram-equivalents of H + pass aerpss 
in the other. The respective amounts of work done are: — 


assuming that the acid is 100 per cent, ionised. In our case. 
Adding, and remembering that m c + m a = 1, we have, 


directed from c a to e 
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Taking no account of the liquid/liquid potential, the e.m.f. of the 
concentration cell is given by 

E = — log e - = (m e + m a ) — log, - 1 , 

Jf C 2 J* c 2 

directed from c x towards c 2 . 

To obtain the total potential, E r > we form the algebraic sum of E, 
and Eu a * i.e. } 


directed from c x towards c 2 . 

This equation involves the transport number of the anion, and can 
be made use of to determine this constant, A double cell (or “concen- 
tration cell without transport”) is arranged as follows:—* ? 

Hg NKC1 Saturated HC1 H-H HCi Saturated" NKCl Hg 

saturated NH 4 N0 3 cone. eonc. NH 4 N0 3 saturated 

.with Cj c 2 with ..y , 

Hg 3 Cl 2 > Hg 2 Cl 2 

If the hydrogen chloride is supposed to be completely dissociated, the 
e.m.f. of this cell, with the bridge solutions, is 9 

m- RT t Cf 


since the two calomel electrodes exert an equal and opposite effect on 
the potential, and the system reduces to a hydrogen concentration cell 
without the liquid/liquid potential. If no bridge solutions are used, the 
different concentrations c x and c 2 of the acid affect the partial potentials 
at the hydrogen electrodes, and also the partial potentials of the calomel 
electrodes. These two effects are equal, and add together, giving for the 
e.m.f. of the cell without bridge solutions 

/ 2RT t _ __ c* 


The e.m.f. of a single hydrochloric acid concentration cell, consisting of 
two hydrogen electrodes dipping Into acid of concentrations c x and c 2 
(concentration cell with transport), would be 

ip _ 2m a RT , c t 

If E x (or E x ) and E % are measured, it is clear that try can be calculated. 
The transport nxynber of the cation, m c> is equal to 1 - m a . This method 
yields results which |re in excellent agreement jvith those determined 
by the usual Hittorf apparatus. 
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Grey Tin — 


--Ammonium 
Stanni chloride 
Solution 


\^-Whib eTin 


Fig. 207. 

Cell for studying Allotropy of Tin, 


(/) To the Study of Allotropy— If an element exists in two forms, there 
will be a potential difference between them when placed in a solution 
containing ions of the element. Thus, tin exists in two forms, white and 
grey. The change from the one to the other is a very slow process at 
ordinary temperatures. In order to 
determine the transition point, Cohen 
prepared a cell with ammonium 
stannichloride, (NH 4 } 2 SnCl 6 , as elec- 
trolyte, and white and grey tin as the 
electrodes. The temperature of the 
cell r was then altered, and it was 
found that at 18° C f. the cell gave no 
e.m.f, This temperature must be that 
at which the two forms are equally 
stable, i ,e. , the transition temperature. 

A similar method can be used for 
determining t^e" transition points of 
salt hydrates. Thus, to determine the transition point of the change of 
zinc sulphate heptahydrate into zinc sulphate hexahydrate a cell is 
prepared as shown in Fig. 208. The limb A contains a saturated solution 
of the heptahydrate and some of the solid salt. R contains a saturated 
solution o£»the hexahydrate together with some of the salt. The tube C, 
which links the two, is bent downwards to prevent the mixing of the 
solutions by convection currents. Two zinc electrodes go to the bottoms 
of tubes A and B. The cell is placed in a thermostat and connected with 
a galvanometer. At temperatures below the transition point the 
solubility of the hexahydrate, which is the metastable form, will be 
greater than that of the heptahydrate (§ 144). Hence, a current will 
flow outside the cell, from the electrode in the hexahydrate solution, to 
that in the heptahydrate. At the transition point the solubilities become 

equal and the cell then Ogives no 
e.m.f. At temperatures slightly above 
the transition point the direction of 
flow of the current is reversed. By 
noting the temperature at which the 
cell gives no e.m.f, i.e., when there is 
no deflection of the galvanometer on 
completing the circuit, the transition 
j~Zn$0 4 .6 H 2 0 point is obtained to a high degree of 
accuracy. 

In the example giyen, the elec- 
trodes consisted of the same metal as 
the ions in %he solution, but in some 
cases this cannot be arranged, and, in fact, it is siot always necessary. 
For example, to determine the transition point of sodium sulphate 


Fig. 20S. — -Cell for determining Tran- 
sition Point of Hydrate of Zinc 
Sulphate, r 


« 
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decahydrate, it is convenient to use a suitable non-polarisable mercury 
electrode. 

(g) To the Study of Complex Ions . — By means of a concentration cell 
it is possible to determine the concentration of ions in a solution of a 
complex salt. For example, the concentration of silver ions in a solution 
of a complex silver salt, say diamminoargentic nitrate, can be found by 
preparing the cell 

N 

Ag J Ammoniaeal soln. of Ag 2 0 j ~ AgN0 3 j Ag 


and determining its e.m.f. In this way the degree' of dissociation <af the 
complex ion and its instability constant can be found. The stability of the 
complex [Ag(CN) 3 ]~ ~ can be found by determining the e.m.f. of the cell 


The instability constant k is L .. ? 7 AL L 

J [Ag(GN)J— 

. , . 

and can be founcl from the data arrived at experimentally. 

There is littl§ difference between a complex salt like potassium 
ferrocyanide and a double salt like ferrous ammonium sulphate. The 
classification of a salt into one or other of these classes can usually be 
made by considering its stability constant. Thus, potassium ferro- 
cyanide gives rise to a complex ion, [Fe(CN) 6 ] 7 , which' is very 

stable, whilst ferrous ammonium sulphate gives rise to a complex ion, 
[Fe(SO 4 ) 2 1 — , which is very unstable. The e.m.f. method thus allows 
one to find the stability of the complex ion, and enables a classification 
to, be made; even so, this is a matter of some difficulty, as ions are 
known of all stabilities from that of the ferrocyanide ion to that of 
the ferrosulphate ion, and it is difficult to draw the line between the 
two classes (§ 334). 

(h) Potentiometric Titrations , — If reference is made to the curves 
drawn in §§ 330 and 331, representing the px changes which occur as a 
base is neutralised with an acid, it will be noted that there is a sudden 
change of px at the neutralisation point, and that this will be more 
marked the stronger the acid or 1ms© used in the titration. Thus, if a 
hydrogen electrode were to be immersed in the liquid there would 
be a sudden change in the efm.f. at the. points of inflexion in the curves. 
Obviously, if the e.m.f* is measure^, and this can be done by means of a 
potentiometer, it is possible to find the end-point very accurately* 

The method has several advantages over the* ordinary indicator 
method. In tha first place, the method can be used with coloured 
solutions where indamtors would be useless, in the titration of 
vinegar. Secondly , it is possible to make the method automatic. When the 
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•0295 (log 10 [Zn+ +] - log 10 [Cu+ +]) 
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p _ f reactes a certain value, a relay is brought into operation which 
reacnes ^ wh. Electrometric methods 

l reactions 

jjULVt;»ojLg,c*»uiwJj. v*. g*- x- — 

as well as for neutralisation of an acid 
by a base. 

A s imil ar type of titration is the 
conductivity titration which depends 
upon the fact that the conductivity of 
a solution is dependent upon the 
number of ions present and upon their 
mobility. Thus, when hydrochloric 
acid is neutralised by the addition of 
sodium hydroxide, the solution con- 
tains first of all hydrogen ions and 
“End pointy — chlorine ions. Since the hydrogen 


.... ■ 5p«if»c ' : 
. Conduct tviky 


Endpoint. . UHlUiAJUO J luuo, . — - - ./ v-. 

v< * um ‘ of NaOH added saeaseB the greatest mobility of 

Fio.2(fi.— CuryefofConiluctometric ^ p. fo j] ows that the greater 

part of the conductivity will be due ■ 
to.it As sodium hydroxide is added, sodium ions are introduced, but 
hydrogen ions are removed, and the solution at neutraWion eontems 
only sodium and chlorine ions, and will have a considerably smaller 

coTiductivity than the original acid. Now, if a little sodium hy o 
Sded after the neutralisation, there will be a smaU eonoentmton of 
hydroxyl ions, and the conductivity will at once rise, since the hydroxyl 
ion has the second greatest mobihty Thus if the condu^^ us ^pbtted 
obtained against the quantity of sodium hydroxide added, a curve l 
with a sudden break in it. The break occurs at the neutrahsaton pomk 
The method has the advantages that it can be used with poured 
solutions and will work where no indicator is found to be ^factory 
However, it is necessary to keep the temperature constant, and tojbave 
one of the constituents (that which is added) fairly concentrated, to 

btt another,* As an example of this consider the Darnell cell. The 
reaction will continue until there is no potential difference between the 
electrodes: hence at this point Ezn — $cu a h$ 

JS? + § log. izn* +] - if? +„ § log. IP* *} 

Substituting for n, ^ ani converting to common logarithms 
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lo„ [Zn+ +] _ ’ 

010 [Cu+ +] 

or Il j = 10 s7 
[Cu++] 

At equilibrium, wlien the copper and zinc potentials are equal, the 
ratio of the concentration of zinc to that of copper is about 10 37 . In 
other words copper is almost completely displaced from solution by zinc, 

841. Polarisation. — When a voltaic cell, consisting of a zinc and a 
copper plate in dilute sulphuric acid, is set up and a current is taken 
from it, the e.m.f. of the cel! rapidly falls. This is because the electrodes 
become covered with bubbles of gas, which mak& gas electrodes with 
e.m.f. 5 s opposite to that of the cell. If the bubbles of gas are removed, 
mechanically or chemically, the e.m.f. of the cell remains constant. 
Tills phenomenon of a reverse e.m.f. brought about by the presence of 
the products of electrolysis is called polarisation . For a given concen- 
tration of electrolyte, the polarisation e.m.f. for uny ‘given type of cell 
is constant. (Tf course, exactly the same phenomenon is met with in 
electrolysis, in which the reactions are just the reverse of those taking, 
place in a cell.® Thus, if dilute sulphuric acid is electrolysed between 
platinum electrodes, a certain minimum e.m.f. must be applied to the 
electrodes to bring about continuous electrolysis. At first, $, very small 
e.m.f. will bring about electrolysis, but almost immediately the elec- 
trodes become coated with bubbles of gas which exert an opposing 
effect, and, unless the applied e.m.f. is greater than the polarisation 
e.m.f., electrolysis almost stops. A slight current flows when the electro- 
lysing e.m.f. is less than the opposing polarisation e.m.f.,' owing to 
diffusion of the gases away from the electrodes. 

.This polarisation may also be brought about by changes in concen- 
tration of the electrolyte. If a solution of copper sulphate is electrolysed 
between*copper electrodes, at first a very small e.m.f. will suffice to cause 
electrolysis; but, after a while, the concentration of copper sulphate in 
the neighbourhood of the anode and cathode respectively, alters, owing 
to the different transport numbers of the copper and sulphate ions. 
Thus a concentration cell is set up, the e.m.f. of which opposes the 
electrolysing e.m.f. 

The minimum voltage fe<$uirfid for appreciable electrolysis is called 
the decomposition potential . This will vary from metal to metal. The 
value of the decomposifclol potential clearly depends on the electrode 
potential of the electrode in contact with the solution of its salt. This 
fact is made use of in depositing metals from solutions in which they are 
mixed. Thus copper and zinc may be separated ^lectroly ticaily, The # 
decomposition fjotentia? of copper sulphate is 149 volts, and of zinc 
sulphate 2-55 voits,|Using electrodes of copper ^nd of zinc respectively. 
If copper plates are used as electrodes in the electrolysis of this solution, . 
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copper only will be deposited if the electrolysing potential is less than 
about 2-5 volts. 

In electrolysis the current is carried by the movement of all ions to 
the electrode. The discharge of ions takes place in order of decreasing 
reduction potential. Most ions are discharged at their reversible 
potential. 

342. Hydrogen Overvoltage. — Theoretically, since the electrode 
potential of lead is - 0*12 volt, when an acid solution of a lead salt is 
electrolysed between lead electrodes, hydrogen should be liberated at 
the cathode, and no lead. Actually, however, lead is deposited (cf. the 
lead accumulator). This is because most metallic electrodes have to be 
raised to a higher potential than that indicated in the electronegative 
series in order to enable hydrogen to be liberated. This additional 
voltage is known as hydrogen overvoltage . It varies from metal to metal. 

The existence of overvoltage explains numerous phenomena. In the 
first p^ce, it explains why the lead accumulator is a practical piece of 
apparatus. If if were hot for the considerable overvoltage of this metal, 
lead would not be deposited on the negative plate when the cell was 
charged. If the lead is covered with a layer of a metal with a very low 
overvoltage, e.g,, platinum, and the electrolysis is carried out, no lead is 
deposited, but hydrogen is liberated. # 

Overvoltage is made use of in many electrolytic processes. If elec- 
trodes with high overvoltages are used in electrolytic reductions it 
amounts to the same thing as enhancing the activity of the hydrogen. 
It is for this reason that lead electrodes are frequently used instead of 
platinum in some organic electrolytic reductions (e.g. 9 the reduction 
of nitrobenzene). 

If it were not for the existence of hydrogen overvoltage it would not 
be possible to deposit electrolytically metals which have a more negative 
potential than hydrogen (such as tin, zinc, and cadmium) from antacid 
solution. This can be done, if care is taken to ensure the 'absence of 
impurities which would deposit on the cathode and reduce its over* 
voltage. 

It appears that the preferential liberation of compared with 2 H 
in the electrolysis of dilute sulphuric acid containing both ions is due 
largely to the greater overpotential of 2 H at a platinum electrode (§43). 

Although a great deal of research* has* been carried out on over- 
voltage, no satisfactory explanation of the phenomenon has yet been 
offered. f 

Overvoltage occurs also at electrodes at which gases other than 
hydrogen are evolved. # 

343. The Polarograph. — Electrolysis can be applied to analysis by 
using an instrument called the polarograph. This instrument consists 
of an electrolytic cell mith two mercury electrodes. One electrode 
consists of a pool of mercury at the bottom of the cell; the other is a 
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mercury drop at the end of a capillary tube. The mercury is dropping 
from the capillary tube and hence the surface of this electrode is being 
renewed constantly. When studying reduction phenomena the dropping 
electrode is the cathode; the still electrode the anode. The electrodes 
are reversed when studying oxidation reactions. 

A common application of the polarograph is the study of the 
reduction reactions taking place with the discharge of metallic ions, 
for example, when a copper ion is discharged to form a copper atom. 
The ion is reduced because it gains electrons. If we have a mixture of 
metallic ions in solution and a gradually increasing potential is applied 
across the cell only a small current will how through the cell. Wljen the 
potential reaches the discharge potential of one of the ions in the 
solution the current flowing through will rise steeply and then level off. 
The rise is caused by the discharge of the ion which leads to the flow 
of current through the cell; the levelling off Is due to concentration 
polarisation. The ions which are discharged first are thos^ in the 
vicinity of tbj cathode. As these ions are discharged, they are replaced 
by ions diffusing into the cathode region from the main bulk of the 
solution. The diffusion is slow, and limits the rate of discharge after 
the ions origMMly present in the cathode region have*been discharged. 
The result of this is that the rise in current is retarded and further 
current is limited by the diffusion; tins is called the diffi*sion euiwent. 
The speed at which concentration polarisation sets in and hence the 
height of the rise in current is dependent on the concentration of ions 
in the solution. Further the potential half-way up the rise, or — wave 
as it is called — is characteristic of a particular ion. (It is called the 
half-wave potential) After one ion type in the solution has been 
discharged further ions will discharge as their decomposition potential 
i$ reached and thus the current- voltage curve of a solution containing 
a mixture of ions will show a number of such waves, each wave corre- 
sponding to the discharge of each type of ion. Observation of the half- 
wave potential and comparison with standard tables* of half-wave 
potentials enables the ions present in the mixture to be identified. 
Further by using standard solutions of these ions and comparing the 
heights of the waves so obtained with those obtained in the mixture we 
can determine approximately the quantity of each ion present. Thus 
the polarograph provides & Convenient method of qualitative and 
quantitative analysis of an unknown mixture. 

- Yss'Vs Ss'S Sv'YIV:^ 
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COLLOIDS AND SURFACE PHENOMENA 

844. General. — An ordinary solution consists of a solvent and a 
solnte. The particles of solnte in ordinary solution are usually either 
normal molecules or ions. In a colloidal solution the particles of solute 
are much larger; they may consist of aggregates of hundreds of ordinary- 
sized molecules or even of a single large or macro-molecule. (Proteins 
are an example of substances with large molecules which form mole- 
cularly dispersed colloidal solutions.) 

A colloidal solution cannot always be distinguished from a true 
solution with the r naked eye. The particles, even thoqgh they may 
consist of some thousands of molecules, will pass through a filter paper, 
and cannot be seen under the microscope. A colloidal solution, however, 
is a ^two-phase system, whereas a true solution is regarded as being 
homogeneous, and therefore consists of only one phase. 

«■* Skice the last majority of substances have been obtained in colloidal 
solution, it is now customary to use the word “conoid” to represent a 
state of matter. 

845. Historical Development of Colloid Chemistry.-V6raham is 
usually regarded as the founder of the science of colloids. He certainly 
laid the foundation of the more serious study of the subject by his 

r researches on liquid diffusion (1851-61), but many of the phenomena he 
noted and that have been noted since were well known very early in the 
history of chemistry. 

Colloidal solutions of metals were fairly well known at Graham’s 
time. The mSfchod of obtaining colloidal gold by reduction of gold salts 
with tin solutions was known as early as 1685. Berzelius was acquainted 
with a number of colloidal solutions. He refers to colloidal arsenious 
sulphide in the words: “For the present this solution is rather to be 
regarded as a suspension of transparent particles, for arsenious sulphide 
gradually separates out as a precipitate”* lie also knew of colloidal 
silica, which he obtained by the hydrolysis of silicon sulphide, “^-silicic 
r acid is obtained in its purest form when silidbn sulphide is oxidised by 
water; hydrogen sulphide is evolved as a gas, and the ^-silicic acid 
dissolves in the water. In a more concentrated state the solution soon 
|ums to a gektmou& mass.” Sobrero and Selmi, irf 1850, gave an 
elaborate account of the preparation of colloidal sulphur, though, of 
course, it ^as not known by that name. 

The researches of Graham occupied a number of years, his first paper 
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on the subject appearing in 1851, whilst the last was published in 1861. 
Graham compared the rates of diffusion of a large number of substances, 
both inorganic and organic, and considered that liquid diffusion could 
be compared to volatility. He says, “the range in the degree of diffusive 
mobility exhibited by different substances appears to be m wide as the 
scale of vapour tensions”. Certain substances, whilst varying among 
themselves in diffusibility, agree in diffusing much more rapidly than 
substances falling into another class, and they are therefore the “volatile 5 " 
substances. These are salts and normal liquids. The other much more 
difficultly diffusible class comprises substances which are difficult to 
crystallise, such as starch, gum, tannin, albumep, gelatine, and glue. 
Graham called the first class crystalloids and the second colloids , from 
■the Greek word Kolia , meaning “glue 55 . 

The difference between the classes was not very definite. Many 
substances appeared to be on the borderline. Nevertheless, the classi- 
fication served a very useful purpose in chemistry^. * ■* 

346. General Nature of Colloids. — Crystalloids are capable of 
diffusing through a colloidal membrane, such as parchment, almost as 
quickly as they can diffuse through water, whilst colloids are remarkable 
in being unable to diffuse through such membranes. This fact was 
noted by Grah%m, who said that “of ail the properties of liquid colloids, 
their slow diffusion in water, and their arrest by colloidal Septa are # the 
most serviceable in distinguishing them from crystalloids”. 

This property is made use of in dialysis, a process used in the purifica- 
tion of colloidal solutions and which will be further referred to later 


(§348). 

Graham also noted that “solutions” of substances which were 
normally insoluble in water could be obtained, and that these behaved 
just like the colloids in many respects. They behaved similarly on 
dialysis^ and often could be set to a jelly or coagulated by adding a salt. 
He used the term “sol” for a colloidal solution, and the word “gel” for 
the products of coagulation. 

Ostwald regarded colloidal solutions as essentially heterogeneous 
systems, consisting of two phases, a disperse phase, whict? consisted of 
the colloidal particles, whilst the other was the dispersion medium. A 
colloidal solution of silver in wjtter consisted of a disperse phase (the 
very finely divided silver), atd the dispersion medium (water). 

Colloidal solutions cannot be regarded an entirely new section of 
the whole range of solution. Actually they are intermediate between 
solutions and precipitates, and th#re is a gradual transition between the 
two. Colloidal particles may be fairly large, bordering on being a 
precipitate, whilst theyjnay be very small, bordering on true solution.* 
It is usual to nfeasure the diameter of colloidal particles in m/x. 1 1 p is 

1 The term /ifi may sometimes be met instead of mjx, but the latter is the form 
sanctioned by the Chemical Society. 
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I0~ 4 cm., and 1 mp is I0"* 7 cm. Colloidal particles may be from I to 
100 mp in diameter. Above the latter they are suspensions, and below 
the former they cannot be distinguished from true solutions. 

The degree of dispersion, then, is the characteristic that marks out 
the colloid. Von Weimam has shown that the degree of dispersion of a 



precipitate can be varied at will by correct choice of the concentrations 
of reacting solutions. In this way it Is possible to make any precipitate 
into a colloidal solution. The relationship obtained by von Weimam is 


S being the fineness of the particles (smaller the larger the particles), 8 
the solubility of the slightly soluble substance, G is the state of super- 
saturation that would have been reached if the substance had not come 
out of solution, and 73 is the coefficient of viscosity of the solution. The 
work of von Weimam indicates that it is possible to obtain in the 
colloidal state any substance which normally is precipitated, and shows 
that the difference between colloidal and ordinary solutions is one of 
degree only. 

The truth of this statement may be easily tested Vith the well- 
known barium sulphate precipitate. If barium sulphat^ is precipitated 
in tfte cold, it is found to be very difficult to filter; the particles are so 
staall that they pass through a filter paper (a filter paper will usually 
retain particles as small as 5,000 mp). If the barium sulphate is prepared 
hot, it is much more easy to filter it cleanly, because now the particles 
are larger in size. The reason for this is that at the higher temperature 
the solubility of the barium sulphate is greater and the viscosity of the 
water less, making 8 smaller. It is even possible to obtain a barium 
sulphate gel. Von Weimam states that any very sparingly soluble sate 
will separate as a gel if made by mixing sufficiently concentrated 
solutions, and recommends for the preparation of barium sulphate in this 
state the mixing of 3 N aqueous solutions of barium thiocyanate and 
manganous sulphate. On long standing the gel takes up the ordinary 
form again, c 

A similar experiment may be tried with calcium acetate in alcohol. 
Calcium acetate is somewhat soluble in alcojiol, but can be obtained 
in the form of a gel by suddenly making a -supersaturated solution of it 
in alcohol. This is done by making a saturated aqueous solution of 
calcium acetate. 10 C.c. of this solution are taken and mixed by tossing 
from one beaker to another and back &gain, with 90 c.c. of 95 per cent, 
alcohol. A jelly sets at once. Acetone may be substituted for alcohol. 
<For the success of thr experiment it is absolutely necessary to have the 
aqueous solution of calcium acetate saturated. This pfneess is one of 
those used for manufacturing solidified alcohol, employed as a patent 



CLASSIFICATION OF COLLOIDS 597 

347. Classification of Colloids. — Colloidal solutions are referred to as 
sols. If the dispersion medium is water, they are called “hydrosols 55 , or 
sometimes “aquasols”. If alcohol is the dispersion medium, the colloidal 
solution is called an “alcosol”. 

Concentrated solutions of certain colloids set to a jelly. This is called 
a gel. 

Sols are frequently subdivided into lyophobic (solvent-hating) and 
lyophilic (solvent-loving) colloids. The first class includes those sols 
which are readily precipitated from solution, and which then do not 
pass back into colloidal solution on addition of the dispersion medium. 
Thus a silver sol, once coagulated, cannot be made to revert to the 
colloidal state merely by the addition of the dispersion medium. It can, 
however, be re-obtained in colloidal solution by the process of peptisa- 
tion (§ 349). The lyophobic sols are sometimes called also “Irreversible 
sols’ 5 . On the other hand, the lyophilic sols are reversible. Gelatin, 
gum arable, and starch are colloids of this type* They are mu0h more 
stable than lyophobic sols, and are not, therefore, easily precipitated. 
They will easily revert to the colloidal state after precipitation, on 
.adding the dispersion medium. * •• 

Ostwald 1 drew up a list of all the possible colloidal solutions, which is 
embodied in Table XCV. 


Table XCV. — Colloidal Dispebsions (Ostwald) 


Dispersion 

Medium. 


Name. 


No colloidal dispersion. Perfect mixture 
always. 

}»»»■*■ 


Liquid- 

Solid. 


Liquid. Gas. 

Liquid, 

Solid. 


Foam 

Emulsion. 

Colloidal suspension 


Gas. ) Solid foam. 

Liquid. # j- Colloidally dispersed crystal inclusions. 

# Solid emulsion. 

Solid. # Colloidally dispersed eutectics. Solid sola, 


^ If has already been stated that a colloidal solution containing separate 
particles, such as a colloidal solution of gold or silver, is called a sol. In 
addition to the classification into lyophilic and lyophobic sols, true 

1 Wolfgang Ostwald, son of Wilhelm Ostwald (who propounded the Dilution 
Law, etc.>. • 
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colloidal solutions may be divided into two classes, (a) colloidal electro- 
lytes, and (b) non-electrolytie colloidal solutions. 

The class of colloidal electrolytes is very interesting, and may be best 
illustrated by considering the soaps. If one of the higher fatty acids, 
such as palmitic acid, is added to water it will form a very thin film on 
the surface of the water. The carboxyl group has an affinity for water, 
and is called ‘‘hydrophilic’’, whereas the hydrocarbon residue attached 



to it is said to be “hydrophobic”, since it has no affinity for water and 
tends to separate itself from it. The molecules will therefore orient 
themselves on the surface with the carboxyl groups in the water and the 
hydrcfearbon residues^ticking out from it. 

If, now, caustic soda is added, a sodium salt — a soap — is formed. 
Palmitic acid is not dissociated to any extent, whereas the sodium salt is. 
The sodium ions are pulled into the water and escape, and the attraction 
of the sodium ions for the palmitate ions pulls the latter so strongly that 
they ca r nnot remain omthe surface, but are pulled beneath. They do not, 
however, lose their oily nature entirely, but form oily aggregates, each 
of which is called an “ionic micelle”. In the micelle the hydrocarbon 
ehs&as point to the centre as indicated in the Fig. 210 ($). (The wavy 


(a) Packing together of ions to (6) Packing together of ions to 
form a spherical micelle. form a lamellar micelle. 

Fig. 210. — Micelle Formation. (It should be remembered that micelles 
have a t&re© - dimensional structure and not two-dimensional as repre- 
sented above.) 

line represents the hydrocarbon portion of the molecule and the circle 
the COO““ portion of the molecule.) The fhicelle is solvated by a large 
number of solvent molecules. There may be ten or more RCOO™ ions 
in a micelle. The micelle may take up many other shapes. Among the 
most important is that shown in (bf, Fig. 210. The solvation of the 
micelles is not shown in the figures. Thus, we have a colloidal solution 
"containing sodium ions in true solution, and aggregates of palmitate 
ions. This is known as a colloidal electrolyte. Colloidal solutions of 
such substances are easily made. No special process is necessary, since 
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Many dyes are colloidal in nature, and frequently behave as colloidal 
electrolytes, being dragged into colloidal solution by some powerfully 
ionised part of the molecule. 

348. Dialysis. — The observation of Graham that colloids were 
unable to pass through a colloidal membrane, is made use of in separating 
a colloid from a crystalloid. It must be emphasised that the membrane 
used in dialysis is quite distinct in its properties from the semi-permeable 
membrane used in experiments on osmotic pressure. The ordinary 
dialyser consists of a vessel open at both ends; one end can be covered 
by a parchment paper. A suitable vessel can be made by removing the 
bottom from a wide-mouthed bottle by means, of a hot wire? The 
parchment should be moistened before being tied to the vessel The 
dialyser is nearly filled with the colloidal solution and suspended in a 
vessel containing distilled water. The crystalloid gets through, leaving 
the colloid behind. 


FROM TAP 


Pig. 211. — Dialyser. 

# 

A suitable dialyser is also easily made entirely of parchment by 
folding a moistened sheet of it romnd a bottle and allowing to dry. The 
parchment bet% will be found to retain its shape, A cord can be tied 
round it, and wiien filled»with colloidal solution it nity then be suspended* 
in distilled wat&r by means of the cord. A simple form of dialyser can 
be prepared by miking a purse-like bag of parchment paper and 
suspending it asahown in Fig. 211. . 
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Many other membranes are suitable. Recently the use of cellophane 
has been advocated. Collodion dialysers are also readily made by taking 
a test-tube and dipping it in collodion solution and allowing it to dry. 
The skin of collodion can then be slipped off. 

Membranes of cellulose acetate have been used satisfactorily. 

An interesting experiment on dialysis can be carried out by making 
a thin starch paste and putting it in a dialyser. Test the dialysate for 
glucose by means of Fehling’s solution, and for starch by means of 
iodine. Now add to the starch some diastase and continue to test from 
time to time for glucose and starch in the dialysate. The action of the 
diastase converts the starch into a crystalloid — glucose, which will now 
come through the dialyser. 

849* Peptisation. — If freshly prepared ferric hydroxide is treated 
with a small quantity of ferric chloride solution, it immediately forms 
a colloidal solution of a dark reddish-brown colour. The ferric chloride 
which has caused this ^dispersion is called a “peptising agent 5 ’ and the 
process is called^peptisation”. If all the ferric chloride ^removed, the 
sol precipitates. 

A similar colloidal solution is obtained with ahiminiunj hydroxide by 
adding very dilute hydrochloric acid to the freshly prepared hydroxide, 
^ \the amount of acid added being insufficient to convert* the hydroxide 
completely Into aluminium chloride. Stannic hydroxide sol is easily 
prepared by the addition of a solution of sodium stannate to one of 
sodium bicarbonate, washing the precipitate and suspending it in water, 
and then adding a small amount of ammonia. 

In all these cases an electrolyte is necessary for the formation of the 
colloidal solution, and the stability of the substance depends on the 
adsorption of ions at the surface of the colloidal particles. If these are 
thoroughly washed with distilled water, the electrolyte can be removed 
and precipitation ensues. A lyophobic sol may be brought back into 
solution afte$ coagulation by the process of peptisation. 

It may he mentioned that the reverse behaviour is sometimes met 
with. Washing a precipitate repeatedly with distilled water sometimes 
brings it intd ! colloidal solution. An example is the formation of vanadic 
acid sols. 

The behaviour of colloidal solutions with electrolytes should be com- 
pared with peptisation {§ 357). 

850. Preparation of Colloidal Solutions.— Many organic substances 
such as gum arabic, gelatin, starch, etc., form colloidal solutions merely 
on dissolving in water. These are the lyophilic colloids (§ 347). The same 
is true of colloidal electrolytes, such as the soaps, and sojnedyestuffs. 

There are two general methods of making lyophobic sols. The first is 
the condensation method, in which molecularly dispersed particles are 
built up/ The second is' she reduction method, in vftiich material in the 
mass is broken down into eolloidalrparticles. 
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In describing the various methods under each class, experimental 
details will be given of the methods of preparation of certain common 
colloidal solutions, and the student is recommended to carry these out 
practically, if possible. 

In the preparation of colloidal solutions it is necessary that all vessels 
used should be thoroughly clean, and that the materials used should be 
pure. It will be shown later that precipitation of a colloid is readily 
occasioned by addition of an electrolyte (§ 357). Hence the necessity of 
using materials which are known to be pure. The thorough cleansing 
of vessels is best carried out by steaming them out. 

I. Condensation Methods . — (a) Reduction . — This is the usual method 
for preparing colloidal metals. An example is the formation of colloidal 
gold, or silver, by reducing a solution of a salt of the metal, much 
diluted, with a reducing agent, usually organic, since these do not 
produce ions which are inimical to colloid formation. 

Zsigmondy prepared colloidal gold by first .making a solftion of 
chlorauric acid, HAu01 4 . 3H s O, containing 6 gms. per* litre, and also a 
solution of potassium carbonate, 0*18 normal. 1,200 C.c. of twice distilled 
water were heated, and 2*5 c.c. of the gold solution, and then 3*5 of' 
the potassium carbonate solution were added. The mixture was stirred 
and heated to-%100 0 C. It was removed from the source of heat, and ( 
1-0-3-0 c.c. of 0*3 per cent, formaldehyde added with stirring. A golcl spl 
was thus produced. 

Von Weimara used Rochelle salt for reducing gold chloride, 30 c.c. of 
0*1 per cent, gold chloride solution were added to 400 c.c. of boiling 
water. Then about 2 c.c. of 0*05 M Rochelle salt were added drop by 
drop. The boiling was continued, and after about one minute blue gold 
appeared, which afterwards changed to red. ■. : 

* Ostwald reduced gold chloride with tannin and obtained a good red 
gold sedation. To 100 c.c. of distilled water a few drops of 0*1 per cent, 
gold chloride solution were added, the latter having ^een carefully 
neutralised with the calculated amount of potassium carbonate. A few 
drops of a 0*1 per cent, solution of tannin were added. On warming, a 
cherry-red colour appeared, which could be deepened by*adding more 
gold chloride and tannin. Tannin has some protective action (see 
Protection of Colloids, §*359} and therefore the colloid will remain 
suspended longer than som# others, especially if a few drops of chloro- 
form are added to preveniythe growth of mould. 

Colloidal silver may he prepared as follows: To 5 c.c. of 1 per cent* 
silver nitrate solution, very dilute ammonia is added drop by drop 
until the px^cipjltate just disappears. Dilute to 106 c.c., mix with 
0*4 c.c. of a 0*5 per cent, solution of tannin. By varying the proportion? 
and the temperature at which the mixing is carried out, sols of various 
colours may be obtained. 

Carey Lea’s silver sols will be dealt with later (§ 359). 

® • m / ■ "■ 9 
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j Colloidal platinum may be obtained by the following method. 

500 O.c. of chloroplatinic acid (0*1 per cent, solution) are made slightly 
alkaline with potassium carbonate. The solution is boiled, and then 
the flame is removed, and 2 to 4 c.c. of 33 per cent, acrolein added. A 
yellow sol is first formed, which gradually changes to black. 

(b) Oxidation . — Colloidal sulphur may be prepared by the oxidation 
of hydrogen sulphide. If hydrogen sulphide is passed into a solution of 
sulphur dioxide in. water until nearly all the odour of sulphur dioxide 
has been removed, the solution is found to contain sulphur, which will 



pass through a filter paper. The best way of dealing with this is to 
precipitate it all by boiling with sodium chloride, and then filtering. The 
precipitate is washed on the filter paper with distilled water until all 
sodium chloride has been removed. At the end of this process the 
sulphur begins to run through the paper, forming a fairly stable colloidal 
solution. 

A goOd way of preparing a stable sulphur sol is to make solutions of 
well-washed hydrogen sulphide and sulphur dioxide. The strength of 
each solution is determined volumetrically, and the stoichiometrical 
amount of sulphur dioxide is added to a given volurqp of hydrogen 
sulphide solution. 

Acidified sodium thiosulphate forms colloidal sulphur, hut the sol is 
npt very staSle owing to the presence of electrolytes. 

(c) Exchange of Solvent.— It is a general rule that if a substance A is 
soluble in B, but is insoluble in C, A will be thrown into suspension, 
usually colloidal, when a solution of A in B is added to an excess of C, 
the two solvents being miscible. 

A sulphur sol can be made by adding a saturated solution of sulphur 
in alcohol to water. Phosphorus may also be obtained, in colloidal 
solution in the same way. A good method of preparing a gamboge sol is 
by dissolving the substance in alcohol and then mixing with an excess of 
water. r 

A similar method is to decompose a complex salt, such as the complex 
potassium silver iodide obtained by dissolving silver iodide in an excess 
of potassiunf iodide, by adding much water to it. The silver iodide is 
then obtained as a sol. 

(d) Hydrolysis . — This is the usual method, for preparing oxide and 

hydroxide sols. * 

To prepare a sol of ferric*hydroxide (or ^more accurately hydrated 
ferric oxide, the amount of hydration being uncertain), the addition of a 
few cubic centimetres of concentrated ferric chloride solution to much 
water (boiling) may be used. * f 

FeCl 3 + 3H 2 0 ^ Fe(0H) 3 +"3HCL * 

To ensure stability it m advisable to dialyse the product, but if all the 
hydrochloric acid is removed the $oi becomes unstable* The peptising 
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action of the acid helps to keep the hydroxide in the colloidal condition* 
Zsigmondy prepared colloidal stannic acid by a similar method. A 
solution of stannic chloride is diluted so much that hydrolysis occurs* 
Wash by decantation, and peptise by means of ammonia. 

Biltz prepared vanadic acid sols by the action of hydrochloric acid on 
ammonium vanadate. Five grams of ammonium vanadate are ground 
with a few drops of strong hydrochloric acid in a mortar. The product is 
suspended in water and filtered. The precipitate is washed well until it 
will pass through a filter paper, giving a red sol. 

(e) Double Decomposition . — In many reactions where a precipitate 
might be expected, a colloidal solution results, .and if special e&re is 
taken this may always be made the result. The application of von 
Weimam’s rales dealing with supersaturation gives us the correct 
conditions for this behaviour (§ 346). 

Colloidal arsenic sulphide is readily prepared by making a 1 per cent, 
solution of arsemous oxide in hot water. The, solution is eodted and 
filtered. To €00 c.e. of water saturated with hydrogen sulphide the 
solution of arsemous acid is added gradually, whilst a stream of hydrogen 
sulphide is p^psed through the solution. This is continued until* an 
intense yellow sol is formed. The excess of hydrogen sulphide is removed 
by boiling or, •better, by passing a stream of hydrogen through the 
solution. * * 

Antimony trisulphide sols may be prepared in a similar way. A 
0*5 per cent, solution of tartar emetic is dropped from a tap funnel into 
water saturated with hydrogen sulphide and through which hydrogen 
sulphide is passed. A beautiful orange coloured sol of good permanency 
may thus be made. 

Manganese dioxide is an unusual colloid. Potassium permanganate, 
although a powerful oxidising agent, is slow in reacting with many 
substances. It will react slowly with ammonia to give nitrogen and 
manganese dioxide, the latter being formed in the collok^l state, Cuy 
recommends the following procedure: Heat a Mj 100 solution of potassium 
permanganate to boiling, and while stirring add strong ammonia solution, 
one drop every three minutes. There should never be a gfeat excess of 
ammonia. Keep the solution at about 90° C. It turns wine red, and 
finally coffee brown by •transmitted light, and a bluish-bro wn oily 
colour by reflected light. To test if all the permanganate has been 
reduced, some of the colkjjdal solution may be coagulated by means of 
common salt. If there is any violet colour there is still some unchanged 
permanganate* The formation of colloidal manganese dioxide is apt to 
be a nuisance in the Volhard method of determining manganese volu- 
metrically. Silica sol is easily prepared by thff addition of acid to 
sodium silicate solution (water-glass). Commercial water-glass Is diluted 
to a density of 1*19, 75 C.c. of the mixture are taken and 2IT c.c. cone, 
hydrochloric acid and 150 c.c. water added, and the whole is dialysed* 
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If the dialysis is carried too far the gel, in which colloidal silica usually 
exists, may form. 

Silica gel can be made by mixing hot (50° 0.), with constant stirring, a 
solution of hydrochloric acid containing 10 per cent, by weight of the 
gas, with an equal volume of sodium silicate solution of density about 
M85. The mixture sets to a gel in about an hour, and is then broken 
up into small pieces and washed free from acid and salt. The washing 
water may be used hot to hasten the process. In drying, the water must 
be removed slowly. This is accomplished by passing a stream of air 
over the gel at 75° C. and increasing the temperature to 120° C., after 
which* the temperature is slowly raised to 300° 0. The final product is 
hard and transparent, something like glass in appearance. It is largely 
used, when activated by heating in air at a moderate temperature for a 
few hours, as an adsorbent of gases, and a dehydrating agent. It is used 
for drying the blast in iron smelting; it is the only cheap drying agent 
which be used, an$ dehydrated on baking, an unlimited number of 
times (calcium chloride loses hydrogen chloride on heating after absorp- 
tion of water). It may also be used for adsorbing colouring matters and 
otbrer substances from solution, in a similar way to animqj charcoal. 
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Fig. 213. — Svedberg’s Method for pre- * 
paring Metal Sols in Inflargmable 
Liquids. * 


II, Dispersion Methods. — (a) Bredig’s Arc Method . — This process 
consists in striking an arc beneath conductivity water between two 
wires made of the metal to he dispersed. In preparing gold and some 
other sols, however, it is found advantageous* to have in the solution a 
trace of sodium hydroxide or potassium cafbonate. The vessel in which 
the dispersion takes place may be cooled in icg. 

Svedberg prepared metal sols of sodium, etc., in inflammable liquids, 
using an oscillatory discharge, produced by passing the discharge from 
an induction coil provided with a condenser, through 4he metal in 
Contact with the liqtSd. Svedberg states that jn the formation of sols 
by the electro-dispersion method the metal is first vaporised, and the 
sudden cGoling of the fapour gives rise to the cdloid. It is usually 
found that the sols are contaminated with some oxide if formed in water. 
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(6) Mechanical Dispersion . — Comparatively recently “colloid mills” 
have been devised for grinding solids into particles of colloidal size. 
Actually they fail to do this completely, only a few of the particles 
formed being of colloidal diameter. The principle of the colloid mill is, 
in general, that the substance to be dispersed is suspended as a coarse 
precipitate in the dispersion medium and the liquid is then passed 
through a channel in which are two plates close together, rotating at 
high speeds (about 7,000 revolutions per minute) in opposite directions. 

(c) Peptisation. This has already been mentioned (§ 349). Glue, gum, 
gelatin, etc., are soluble in water and give colloidal solutions, but 
actually they are peptised by the water. „ « 

A Prussian blue sol may be prepared by the process of peptisation, 
A 3 per cent, solution of potassium ferrocyanide is poured slowly into a 
3 per cent, solution of ferric chloride. After a few minutes the precipitate 
is filtered off and washed well. A 5 per cent, solution of oxalic acid is 
then poured through the filter un til the precipitate is peptised* Then 
the sol is dialysed to remove oxalic acid. The sol is quite stable. 

SSL The Molecular Weights of Colloids. — The osmotic pressures of 
colloids are vejy small, but have been measured, and give very JMgh 
figures for the molecular weight. The difficulty in this type of deter- 
mination is not* only that the effect is small, hut that the presence of 
small amounts of electrolytic impurities would have a cdmparati^elv 
great effect on the osmotic pressure. The presence of 0*05 per cent, 
sodium chloride would halve the apparent molecular weight of haemo- 
globin, which is about 66,000. The effect of electrolytes can, however, 
either be allowed for or eliminated in osmotic pressure determinations. 
Owing to the high molecular weight of colloidal particles the depression 
of the freezing point and raising of the boiling point will be small; 
farther, if traces of electrolytes are present as impurities they will 
change the boiling point and freezing point to the same extent as a very 
much larger concentration of colloidal material. Hence tjiese methods 
are of little use in the determination of the molecular weights of 
colloids. • 

The coefficient of diffusion method has been studied aifd applied by 
Herzog. The diffusion coefficient D can be shown to be given by the 
equation « f 


D 


*RT _J_ 
N 6rm} 




where N is Avogadro’s number, r the radius of the particle, and iq the 
coefficient ofMsoosity of the medium. If it is assumed that the particles 
are spherical, then the molecular volume Mv is gii%n by * 
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where v is the volume of 1 gm. (i.e., the reciprocal of the density), and M 
is the molecular weight. Substituting the value of r obtained from this 
equation, in equation (1) we have 



1 

1627r 2 JV 2 


'bt\ s i 

rft) »’ 


This avoids the determination of r, and was the form of the equation 


used. 

More recently the method of sedimentation has been employed 


4 

:1 



by Svedberg. 

This method is really based upon the fact that the size of a particle 
can be determined by the rate with which it falls through a medium 
(gaseous or liquid). This rate is called the velocity of sedimentation. 
An equation connecting the velocity of sedimentation with the particle 
size and the viscosity of the medium was first given by Stokes (see also 
the determination of the charge of the electron by Millikan, in which the 
size of 5il drops was determined by applying a modified form of Stokes* 
equation, § 28), "This equation may be expressed in the form 


TaSle XCVL— Molecular Weights of Colloids 


Molecular. 

Weight. 


Method. 


Substance. 


Sedimentation equilibrium 39,000 
„ „ 35,000 

„ „ 68,000 

„ „ 150,000 


Pepsin 

Insulin 

Haemoglobin (horse) 
Serum globulin (horse) 
H^mocyanin 
(Helix pomatia) 


Sedimentation velocity 


Lactalbumin 

Pepsin 

Insulin 

Human tuberculose 
bacillus protein 
Haemoglobin (horse) 
Haemoglobin (man) 
Seram globulin (horse) 
Serum globulin (man) 
Urease 
Haemocjmiin 
(Helix pomatia) 



MOLECULAR WEIGHTS OF COLLOIDS 607 

where r is the radius of the particle, tj the viscosity of the liquid, v the 
velocity of sedimentation, the density of the particle, p d the density 
of the liquid, and g the acceleration due to gravity. The equation holds 
only for spherical particles falling freely (not near a wall). 

The force of gravity is not sufficiently- great to enable the size of very 
small particles to be determined by sedimentation. The force producing 
sedimentation can, however, be artificially increased by using a centri- 
fuge. In the case of a particle falling freely through a medium under the 
action of gravity, two opposing forces act on the particle, the force of 
gravity and the frictional force which depends upon the viscosity of the 
medium through which the particle falls. In the §ase of the centrifugal 
force, this takes the place of the force of gravity, and the equation 
obtained is 


» N 2 (P* ~ P «*)&** * # * . 

In this equation x x and x 2 define the positions of a particle before and 
after falling; thus x x - x 2 is the distance through which the particle 
falls; cd is the angular velocity of the centrifuge, and t is the time 
occupied in faffing. The other symbols have the same significance 
as before. If M is the molecular weight of the particle and m the ma^ 
of a colloid particle then M = mN where N is the Avogadro number. 

4 

If the particles are assumed spherical m = -tt r 3 p p . We can therefore 

o 

use the r determined from sedimentation velocity experiments to 
determine if. This method cannot be used if the particles are not 
spherical. 

Another method of using the ultra-centrifuge to determine molecular 
weights is the sedimentation equilibrium method. After particles have 
been centrifuged for some time equilibrium will be reachea between the 
centrifugal force and the diffusion of material in a direction opposite 
to the centrifugal force. This mil lead to a situation in which the con- 
centration of particles at various distances from the centre of rotation 
will become constant. IJds conception was utilised by Svedberg in 
deriving the expression for molecular weight , 

M log e (Cf/Cg) 

N {?p^?dWi x i - 

In this equaMon/i and c 2 are the concentrations of particles at points 
situated x t and x 2 cm§. from the centre of rotation, and the othes* 
symbols have £heir former significance. 

AH that is necessary, then, to determine thd^nolecular weight of the 
colloidal particle is to find the relationship between the concentration of 
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particles at two levels for a given speed of the centrifuge, the temperature 

e^uatioites been used with considerable success by Svedberg, 
who devised an ultra-centrifuge for the purpose. 1 In this instrument 
fields 900,000 times the force of gravity were developed. The axis ol 
rotation was horizontal. During the centrifuging, photographs of the 
cells containing the colloidal solution were taken at definite mtervals 
on the same plate and with the same exposure. If a sedimentation 
equilibrium was to be studied, only those photographs taken when 
equilibrium had been reached would be of use, but the others would 
indicate whether equilibrium had been attained. After the centrifuging 
the cell was filled with the colloidal solution of different concentrations, 
and these were photographed on the same plate as before, with the 
machine running, in order to provide standards for judgmg the con- 
centrations at various levels in the actual experiment. After the plate 
was developed, the intensity of blackening was determined by means of 
a spectrophotometer, and from these observations a curve could be 
drawn connecting concentration of the particles with the distance from 

the»sentre of rotation. . . « , , ,, 

There is no doubt that this method of determining the molecular 
weights of colloids is more free from objections than others, lhe 
method can*be applied to finding the size of any small particles, and for 
this reason in the early part of this discussion the theory was not 

confined to colloidal particles alone. . . 

The ultra-centrifuge has been used extensively for the determination 
of the molecular weights of the proteins. Some of the results axe 
summarised in the Table XCVI. The molecular weights of the proteins 
vary from about 17,000 to 10,000,000. It has been observed that the 
molecular weights of proteins can be expressed approximately by the 
equation 17,600 n — M where n can have the values 1, 2, 4, p, e*io, 

24 48 96 192 and 384. Because of this relationship Svedberg suggested 

that proteins axe built up in units of 17,600 but this view is now no 

10 Kie proteins mentioned above give definite, reproducible values for 
the molecular weight. They are called “monodisperse" systems; 
apparently all the particles have the same molecular weight. There me, 
however, some proteins, such as gelatin and casein, of which the particles 
vary in size. The molecular weight of gelatin varies from 10,000 to 
" 70,000. Such systems are said to be “polydisperse”. 

S52* The Investigation of Colloidal Solutions by Means of the ultra- 
mimjseope— It will never be possible to see atoms or molecules, or even 
colloidal particles, b$ means of the best optical microscope, since it is 
impossible to get clear image-formation of objects smaller than the 

1 For fuller details see Svedberg and Pederson “The XJltracentrifuge’ (Oxford, 
mm)* \ . v v - * . 



THE ULTRA-MICROSCOPE 609 

wavelength of the light employed. Tyndall, however, found that small 
particles were able to scatter light, and that the zone of scattered light 
was much larger than the particle itself, and could be seen in the micro- 
scope, or sometimes even by the naked eye. The same effect is noticed 
when a sunbeam enters a room. The atmosphere does not ordinarily 
appear to be dusty, but when the beam shines through, the dust 
particles are shown up. A colloidal solution when illuminated by a 
narrow beam of light appears opalescent when viewed at right angles to 
the beam. This opalescence is not found with pure water, 1 and is due 
to the scattering of the light by the very small colloidal particles. 
Under the microscope the actual zones of scattered light can be seen. 

This principle was used by Siedentopf and Zsigmondy in 1903 for the 
construction of an instrument called the ‘‘ultra-microscope*’. The 
arrangement of the instrument is shown in diagrammatic form in 
Fig. 214. A strong beam of light from an arc lamp, or other powerful 
source L, passes through a slit S, and is condensed by# system of lenses 
so as to come fo a focus in a cell containing the colloidal solution. This 
cell is placed on a microscope stage and viewed through the microscope 
in the ordinary way. Of course, the actual contours »of the parties 
cannot be seen; they just appear as bright spots against a dark back- 
ground. Rut at^east the number of particles can be counted, and more 
recently it has been possible to decide the shape of the particles roughly. 
Suppose that in an experiment n particles were found in a held of view 
of volume v c.e., then, if the sol contains h grams per cubic centimetre 
(determined by evaporation and weighing) of the dry substance, of 
density d } the mean radius r of the particles will be given by 


This* assumes two things. First, that the particles are spherical, and, 
secondly, that the density of a substance in the colloidal* condition is 
the same as that in bulk, and there is no proof that this is so. 

The limit of visibility in the ultra-microscope depends upon the 
optical nature of the colloidal particles and of the dispersion medium. It 

is found that colloidal metals give the best results, and can be detected 

% # 

3 It has Been stated by Schade%nd Lohfert (1930) that the purest water, when 
sufficiently strongly IHuminafced, and viewed in the manner indicated above, does 
show a Tyndall beam. Especially is this so whdh ultra-violet light is used. The 
phenomenon cannot be explained a3 due to impurities, and the suggestion is made 
that it is produced by the existence o(a certain small fraction of the water in a 
highly associate^ condition. It should also be noted that all transparent solids, 
liquids and gases scatter light, even when perfectly free from suspended dust, etc. 
The mattering agents are molecules themselves (see fiaman spectra, § 380)6 
The phenomenon however, quite different from the Tyndall beam, in which a' 
few localised scattering agents, are visible as discrete height spots. It ^necessary 
to- bear in mind this difference between the scattering of light by colloidal and 
other fine particles, and by molecules. 9 
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Organic particles can only be seen 


down to a diameter of 6 X 10 7 cm, 
down to 4 X 10" 6 cm. # 

Particles which are invisible even to the ultra-microscope are called 

amicrons. . 

In 1915, Ereundlich and Diesselhorst found that it was possible to 
distinguish between spherical and non-spherical (or rod-like) particles 
in the ultra-microscope. Vanadium pentoxide and benzopurpurin form 
rod-like particles, which give a peculiar streaky appearance when they 


Microscope; 


are stirred, ana oecome uouury re iiauumg w^v****^***© ' . 

The anisotropy is due to the rods all moving in one direction, with their 
ax&s in find* like a raft of logs floating down a river. This should be 

compared with the behaviour of liquid crystals (§130). 

By examining various sols, Freundlich and Diesselhorst showed that 
those of gold (red), silver, platinum, arsenic sulphide and gamboge were 
spherical. The particles of aged ferric oxide and blue gold sols were disc 
shaped, whereas vanadium pentoxide, tungstic acid, and many colloidal 
dyestuffs gave rod-like particles. 

Many colloidal particles have been shown by direct experiment 
with X-rays to be crystalline in nature, but, according to Kohl- 
schutter’s work, a large number of substances tend to have particles 
of definite form and shape, and yet are not crystalline. These are 
called “somatoids”. 

S63. The Colours of Colloidal Solutions.— The colour of a sol will 
depend on its particle size, for upon this depends the nature of the light 
scattered by the particles. Like the colour of the sunset, the colour of 
colloidal solutions is due to light scattering. It should, be possible, 
therefore, to calculate the size of particle, required to give a certain 
colour, assuming that the particle is spherical in form. This has been 
done by Mie, and his results havedbeen verified experimentally by 
Schaum with silver sols, and by Feick with mercury sols. There is 
"satisfactory agreement between the calculated and observed results, 
but t his is not always the case. 

The odour in many other cases is decided alsorby the shape of the 
particles, and at present no calculation has been made which takes this 
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into account. Frequently, the specific absorption of light by the colloidal 
particles is of greater importance than the scattering in determining 
the colour. 

354. The Brownian Movement.— In 1827 the botanist Robert 
Brown discovered that grains of pollen placed in -water moved about 
ceaselessly. The cause of this motion was not suspected for many years, 
being at first ascribed to convection currents in the liquid. When 
colloidal solutions were examined under the ultra-microscope it war. 


•^\7 




Fia. 215. — The Brownian 
Movement. 


Fig. 216. 


found that the particles in these solutions too were in constant motion, 
traversing no definite set path, hut going in zig-zag directions all oter 
the field of view. It was shown as the result of work by Wiener (1863)? 
Ramsay, Delsaulx and Carbonelle, Gouy (1888) and others that the 
motion was independent (or nearly so) of the nature of the colloidal 
particle, but was more rapid the smaller was the particle, and the less 
viscous the solution. Wiener was the first to state that the movement 
was due to molecular motion. The small colloidal particles are knocked 
about by collision with the molecules of the dispersion medium. 

At first sight it would appear difficult to make any accurate observa- 
tions on the motion, which is so haphazard. However, it is possible to 
calculate what the probable displacement of a particle will be after a 
given time. This displacement may be conveniently measured as a 
projection of any axis we may choose to take, x (see Fig. 215)? 

Take now a cylinder of the sol of area of cross-section a (Fig. 216). 
Consider a plane P in it, and let the concentration of sol be c x at a 
distance A to the left of P M.e., at the plane Q) and c 2 at a similar 
distance to the right of P (£.e., at the planeJEt). We shall consider only 
the components of the particles parallel to the x-axis, as we wish to * 
calculate the number of particles yhich will cross from one side of the 
plane P to the*other in the small time L Let the mean value of the dis- 
placements parallel to the x-axis in the time t b* A- The particles * 
arriving at P from the left are only those whose distance from the plane 
P is less than A - Mqf eover, only half of these n2ay be taken aemoving 
towards the plane, since by probability half of them will be moving in 

* « : ' * . 




!« 


n 


If 


. / 


itiiiiili 





612 COLLOIDS AND SURFACE PHENOMENA 

the opposite direction. Similarly for those moving from the right across 

P. The number of particles crossing Pin time* is therefore 

iaA (mean concentration in region PQ - mean concentration in 


is given by 


The value of the concentration gradient, 


c 2 ) in (1), the number of particles 


Hence, substituting for (c 1 
crossing P in one second is 


Hence, the square of the mean displacement, ox me 
proportional to the time t, during which the displacem 
It is possible from this to deduce a relationship betw 
of diffusion, the size of the particles, and the viscosity 
derivation is due to Einstein. If the velocity of the i 
u lc is the force causing its motion, and F the frictions 


If a solution of concentration c gm.-mols; per unit vol. is considered, we 
have for the diffusion across a given plane 


cN F 

where K is the total force acting on aRthe particles, and N is Avogadro’s 
number (cN will be the number of particles in unit volume,* since N is 
the number of molecules in 1 gm.-molecujg). The force acting on t e 
particles is the gradient of osmotic pressure, P . 


The relationship between the pressure P afid the concentration c is 
approximately ■ ~ f 
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Hence, 


Substituting for K in (5), we get 

„„ RT dc 

NF dz ' 1 

The relationship between the frictional resistance F to the motion of a 
particle of radius r, in a liquid of viscosity t\, is 

. F — 6 7r>]r ..... (8) 

Substituting this value of F in (7), we have 

\ ’ (9) 

%7Tf\rN dx 

uc is the amount of substance passing through unit section in unit time; 
when — — is equal to unity, this quantity uc is the diffusion coefficient 

. (lX * ^ 2 

D, Hence * ** 


* ®7n]Nr * * ' ' . 

We can now substitute this value of D in (4), obtaining 
' 

Now, all the quantities can be measured in this equation except N, 
and hence the method can be used for determining Avogadro’s number. 

This equation has been tested by Perrin and others, whose results are 
given in Table XCVIL 


Table XOVII. — Values of Avogadro’s Number from Experiments 

. , BASED ON THE BROWNIAN MOVEMENT 


Radius of 
Particles in ) a, 


Nature of Colloidal Solution, 


Gamboge in water . . , . 

Gamboge \n 35 per cent. si?ga| solution 
Mastic in water . » ..... 


Mastic in 27 per cent, urea solution 


Gamboge in y) per cent, glycerin 
■ solution , . . 
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355. The Distribution of Colloidal Particles under Gravity. After 
standing for some time a colloidal solution will be found to deposit the 
colloid. It is clear that by the very action of gravity alone the grater 
number of particles will be found at the bottom of the vessel, and that 
their vertical distribution will be exponential. Assuming that the 
particles obey the gas laws, the distribution of particles will be the same 
as the distribution of the atmosphere, the density of which is greatest 
near the earth’s surface. It can be shown quite easily that rt and JJ 2 
are the densities of particles (i.e., number of particles in a given volume 
at heights h t and h z respectively, and if M is their molecular weight, and 

T th» absolute temperature 

, Di Mg(h 2 - hj 

ioge ^ - RT 

Instead of the molecular weight If, we may write for a colloidal solution 
mN , where m is the mass of one particle (or the mean mass of the particles) 
and If is Avogadsro’s number. For m we may put VD, where V is the 
volume of a particle and D is the effective density of the colloid m the 
solution which (on account of the upthrust) is equal to its absolute 
defifsity D c mifius the absolute density of the dispersion medium, 


D m . Hence, 


i°g e S- 1 = 


n x NV(D„ - D m )g(h 2 -*K) 


' I) 2 " ce n 2 RT 

n x and % being the average number of particles in any given volume 

at the two heights. . 

Perrin also used this equation to calculate N . He determined n t and 
n by direct counting, having taken a photograph of the particles at the 
two levels chosen. The distance between the levels was determined by the 
focussing screw on the microscope, the readings being taken when the 
two levels were focussed. Perrin prepared particles of gamboge and of 
mastic of any desired size by a centrifugal machine. He measured their 
volumes and diameters by several methods which all gave results 
agreeing with each other. Knowing the volume of the particles he could 
calculate N*. This he found to be 6 X 10 23 , which agrees closely with the 
value obtained by quite different methods, and thus indicates the 
accuracy of the arguments about the ^motion of colloidal particles (see 

§ 89). * • 

356. Electrical Properties of Colloids.— If the lower part of a U-tube 
of the form shown in Eig. 217 is filled with ferric hydroxide sol, and 
then distilled water is poured over,this, it is found that when a high 
potential is applied between electrodes placed in the water, the boun- 
' dary between the colloid and the distilled water begins to move. This 
movement must indicate that the colloidal "partidesr themselves are 
electrical charged, Snd behave somewhat as jpns do under similar 
circumstances (see Lodge’s experiment, § 308). This motion of colloid 
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particles under the action of an electric field is called caiaphoresis . It 
has been suggested that since this term seems to Indicate motion 
towards the cathode, which is not by any 
means always the case, a better term . 
would be electrophoresis . 

If this experiment is tried with various 
colloids, it is found that some move towards _ 

the anode and some towards the cathode. 11 

Hence some colloids bear a positive and 
others a negative charge. The majority of ” 

sols are charged ' negatively. The metals -Water - 0 £| “Water 

and the sulphides are the chief members L-s: 

of this class. The metallic hydroxides and :z: ly- 

oxides, and basic dyestuffs. 


- are positively Sol 3!L^M3^Sol 
charged. The Table below shows the two . ■ •: \ 

classes. ■ - 

The absolute mobility of the particles * - yf 

can be determined in the same way as the _ 

absolute velocity of ions by the moving . IU ‘ “ c'ataphores^ *1 
boundary method. The result obtained 

for colloidal gold or silver is in the neighbourhood of 2 - 4 X 10“ 4 cm. 
per sec. for a potential gradient of 1 volt per cm. This is also 
approximately the absolute velocity of organic ions of high mole- 
cular weight, and it has been suggested by Hevesy that there is not 
a great difference between these two classes, because for a colloidal 
particle the mass and the charge have increased in approximately the 
same proportions. The chief difference will be caused by viscosity. 

In what way is this charge obtained? In the case of the electrolytic 
colloids, such as sodium palmitate and the soaps in general, the answer 
is that ions are produced, and the charge is definitely ionic. But this 
explanation will not hold for non-electrolytes. It was thought at first 
that the charge was caused by friction, but this has not proved to be the 


Table XOVIEL — Ohaeges oh Colloids Dispersed m Wateb 


Positively Charged.,. ' @ 


Negatively Charged. 


The sulphides, e.g., As 2 S 3 , Sb 2 S 3 , 
CdS, etc. 

The metals, e.g., Ag, Au, Pt. 
Organic colloids, e.g., gum arable,* 
starch, gamboge. 

Acid dyes* 


The hydroxides, e.g., Ee(f)H) 
Cd(OH} 2 , Cr(OH) 3 , Al(OH). 


~ *-/*/■?: y- ■■////“ 
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correct explanation. The. probability is that the coUoidal particles 
adsorb ions present in the dispersion medium. This view w P . 
ward b/Hardy, who showed that it was possible to change the si n of 
the charge on a colloid by placing it in an envxronmen o 10 
oppositesign to that which it had. Thus mastic when ^pended “ 
water is found to have very little charge indeed, but when placed m an 

K + K+ 

d \ 
f \ cl Cl /Sn X 

( SnO, Snoht / Sn0 2 rXciCl 


IV IS 

Fig 218. — Positive and Negative Stannic Oxide Particles. 

r After Fig. 13 of Dr. E. S. Hedges, Chapters m Modern Inorganic and 
L ‘ 8 Theoretical Chemistry (Edward Arnold & Co.).] 

acid solution it becomes charged positively, presumably because of 
adsorption of hydrogen ions; and in alkaline solution it becomes charged 
negatively, owing to adsorption of the negatively charged hydroxyl 
ions'’ 1 This would also explain the fact that the solution as a whole is 
always electrically neutral. If the charge were frictional, the whole 

liquid sbouH bear a charge. .. , . ,, 

f This is also shown by mobility experiments with silver sols m the 
presence of aluminium sulphate (Svedberg, 1907, and others). The 
mobility decreases as the negatively charged silver ion adsorbs more 
of the positively charged A1+ + +, until it can actually be reversed. At 

a certain point the silver particles will bear no charge. 

x This is called the isoekctric point At this point the colloid coagulates. 
'This process of coagulation is not as a rule instantaneous, and hence jt 
is sometimes possible to change the sign of the charge on the colloidal 

particle by passing through the isoelectric point rapidly. * 

It is now Seen why it is necessary not to dialyse colloids too much. 
If all the ions were washed away, the particles would be left uncharged 

and would coagulate. ^ , ,. 

The origin of the charge on the particles is still a matter ol some doubt. 
We know that ions are adsorbed, but where do they come from! It is 
thought that an electrical double layer is/ormed on the surface of the 
particle (Helmholtz). Take the case of stannic oxide. This can be 
peptised by potassium hydroxide to give a -negatively charged sol and 
by hydrochloric acid to give a positively charged sol. In the former 
i The same effect is noted with egg albumen, but the explanation is jsrobably 
different. All proteins are complex amino-acids of the type IAJ ouux . 

"Thev form ions +NH, - [X] - COOH, NH 3 - [X]'- COO- jf orNH 2 - [X] - 
COO". The first is formed in acid solution, the last in alkalme solution. The second 
or ZwitteiCbn (§ 333) is piSsent at the isoelectric point. The lyophilic colloids do 
not precipitate at this point, hot their solubility is a minimum there. 
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Table XCIX. — Variation of Mobility 'of Silver Sol with 
Addition of A1+ + + 


Gmau of AI + * + added 
.-per 100 c.e. of A.g Sol. 


Mean Mobility., 
cm./sec./volt. 


(Direction reversed) 

- 042 X 10-4 

- 0-61 X I0“ 4 

- 1*50 X JO- 4 . 


process" it is assumed that the oxide reacts with the hydroxyl ioj^^to 
give the stannate ion and this is adsorbed on the particle leaving the 
potassium ions outside. The result of this is the formation of an 
electrical double layer at the particle medium boundary. The layef is 
made up of stannate ions on the particle side and potassium ions on the 
medium side. Due to the adsorption of the stannate ions the particles 
have a negative charge. If hydrochloric acid is the peptising agent the 
hydrogen ion reacts with the stannic oxide to give a stannic ion which 
is adsorbed on the particle side of the double layer giving the particle a 
positive charge. The chloride ions from the hydrochloric acid remain 
in the medium. 

Sipce the particles of a colloidal solution are charged, and move under 
the influence of a field, it follows that if the particles are kept still the 
dispersion medium must move. This movement is called electro-osmosis . 
A suitable apparatus for demonstrating this is shown in Eig. 219. A 
U-tube has one limb closed with a tap, and is provided with*a sealed-on 
capillary tube C. 

The particles are made into porous block shown in the centre of 
the tube. This block may consist, say, of porous earthenware, when the 
electro-osmosis due to the clay particles is measured. The vessel is filled 
with water until it just enters the capillary. On passing a current 
between the electrodes A and B, pvater will rise or fall in the limb T 
according to tjie direction of the current. This is then arranged so that 
the liquid rises ifi T. The rate at which the wafer moves along the 
capillary C, is a measure of the electro-osmosis. 

'357. Coagulation % of Colloids by Electrolyte.— If an eleifeolyte is 
added to a sol, precipitation frequently occurs. This coagulation of 



If onr view as to the nature ot the charge on me ^ 

it follows that°coagulation will be brought about by tte agency of an 
ion bearing an opposite charge to that on the particle. This was found 
to*e the case. In the precipitation of the positively charged feme 
hydroxide sol, it is the anion which is of importance. It does not greatly 
matter what the cation is. It is known that adsorption of the ions of the 
added electrolyte occurs when coagulation takes place, since the 
coagulated colloid always drags down with it some of the precipitating 
substance. A certain minimum amount of electrolyte is necessary to 
bring about coagulation, and this amount varies with the valency ot the 
added ions. The following Table gives the minimum amounts of- various 
electrolytes required to coagulate a given amount of arsemous sulphide 
sol. The amount is expressed in millimols of electrolyte required per 

M Th°e f L?w of Hardy and Schulze states that the coagukttmg^effectsf an 
ion depends upon its valency. It is clear that the Law is satisfied by the 

Table C.— Coagulation of As 2 S 3 Sol (1-85 gms./litre) 

_ — — 1> ““ ~ ~ ~ 

Univalent Cations. Bivalent Cations. Tervalent Cations. ?°f u g c . 


0*81 AIC! 3 . 

0*12 A1(N0 3 ) 3 

0*05 |A1 2 {S0 4 ) 3 

0*63 ■ Ce(N0 3 ) 3 

0*69 

0*68 Mean . • 

0*64 


MgS0 4 
Mg€! 2 . 

CaCl 2 ♦ V 
SrCIo . 

BaClo . ? 

ZnC lo . 

wm ( n ° 3)2 

Mean 


LiCI 

NaCl 

Kd 

KHOs 

jk 2 so 4 
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data in Table C. The coagulating powers of univalent cations are 
all approximately the same, as are those of bivalent and tervalent 
cations. Yet between the classes there are great differences. Much 
more of a univalent cation is required than of a bivalent, and much 
more of a bivalent than of a tervalent ion. Taking a rough average of 
the figures quoted, it is seen that univalent cations have a coagulation 
figure of about 54-8 (omitting the figures for the acids, which are 
obviously out of place); that for bivalent cations is about 6*69, and for 
tervalent cations about 6*69. 

If' electrolytes can bring about coagulation, it is obvious that if two 
oppositely charged colloids are mixed, coagulation of both will occur, if 
the total amount of charge on each is equal If noB, partial coagulation 
only will occur. 

The coagulation of a colloid by the addition of an electrolyte is by no 
means as simple as the above account would lead one to think. It has 
been found that the amount of electrolyte required to precipitate a given 
amount of a colloid seems to depend upon the rate at Much it is Mded. 
There are many complicating factors. 

358. Protection o! Colloids. — If a stable organic colloid, such as 
gelatin, is add**! to a metal sol, the latter may be prevented from 
coagulating on the addition of an electrolyte. Also, the soi may now be 
evaporated to dimness, and on treatment with water will rec^ssolve a 
colloidal solution. Thus its behaviour is altered from that of an irrever* 
sible colloid to that of a reversible one. 

Zsigmondy, in order to measure the relative protecting powers of 
organic colloids, originated the principle of the gold number. The gold 
number of a protective colloid is the quantity in milligrams of the added 
colloid which is able to protect 10 c.c. of a red gold sol (0-5 to 0*06 gm. of 
gold per litre) from coagulation by the rapid addition of 1 c.c. of a 
10 per cent, solution of common salt. The gold sol must be specially 
prephrecbaqcording to a given recipe. It is clear from the nature of this 

Table Cl. — Gold Numbers 


Sol 

Gold Nui&be% 

Gelatin , . * . * . 

Casein . , ? 

. ■ , Haemoglobin . # . ; ' ■ ' ' ■ . ' ■ ■ ' • 

Albumen . . . . 

Gum arabic . . \ 

Dextrifi » . . 1 

Potato starch . * 
Colioidal^i0 2 . 

% v, 

* % 

0-005-0-01 

0-01 -0-02 
• 0-03 -0-07 

0-1 -0-2 

0-15 -0-25 

6 -20 

20* -25 

No protective action. 

w 
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MBitio. that the gold number is not .very «te constant £o, a 

colloid- Some gold numbers ^“^“^‘^enon. It enable. 
Protective action is a v y P change would take 

coHoids to be kept ^“."“‘SCmTnntcbloride elution, 
place. Thus, if potassium iodide is added tom tho 

. ted precipitate of mercunc todjd. « : to lhe red 
yellow form is produced first and that it imme t £ 8 merC uric 

form. If now potassium iodide « a , yiCUndal form 

?SoS^pS"oL l copulate, and muy b. ^ 

^Bytbis means it hda been found pOMibleto I^^are c^kMal eohitions 

Of the metals of high concentration. ^!L^ a J r ate with mixtures 
containing 99 per cent silver byreducin^ ^ matter , vhich they 

contS^Sf protective colloid for the s^en Such sols are used m 
medicine for intravenous injection, or “omtm t l ysa lbate 

' eo«da, 

ZS W. now 2. how this mny be amoved. adton of an 
, electrolyte trill cause coagulation. It is not P'™T\ bI »^ 

f t ?rttog G or,^Kt.t”e analjis. TU. is became 
S S" substance may form a protective cotod and prevent the 

complete p V cipitatiouofthevariousgroupprecipimh» 

Trf the separation of zinc from manganese by dissolving the z 
hydroxide hi sodium hydroxide, it is very probable that sodium zmeate 
is not formed at all, but that the zinc Ifydro^de^pted ^ alk h 
since on passing the solution through an ultra-filter* zme hydroxide 

* ke Thl a matter is of great importance in gravimetric anatysis^One of 
the chief sources of error here is in the adsorption of substances by the 
ZSlT^d it js often a very difficult matter to remove to 
* adsorbed impurities. Adsorption will depend upon panicle size (§ 

i T)ltra.»e« will retail colloidal particles. Ulto-filt^s are prepared by im- 
pregnatlng filter papers with collodion. „ 
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being greater the smaller the particle, and this in turn Is governed by 
von Weimam’s rales (§ 346). It is therefore clear that the temperature 
and concentration of the reactants are important considerations in 
gravimetric analysis. To prevent adsorption as much as possible, the 
precipitation should be carried out at the boiling point and fairly 
concentrated solutions should be used. 

Colloids have great application in industry, particularly in adsorption. 
Large quantities of silica gel are manufactured for use in adsorption of 
gases, for which it is as effective as charcoal It is probable that dyeing 
is a colloidal process. The treatment of sewage is also a colloidal 
problem, since the Impurities are largely present in the form o| sols. 
Colloidal chemistry is also of importance in the study of the soil, in the 
manufacture of paints, 'in tanning. It also has a great deal to do with 
biological processes, but a full treatment of these would be outside the 
scope of this book. 

360. Adsorption. — The Gibbs Adsorption Law.— When tlje con- 
centration in the interfacial layers between two phases ig greater than in 
the bulk of either phase, then the substance is said to be adsorbed at 
the interface. # | f 

Many solid substances have the power of adsorbing moisture. Parti- 
cularly do glass and porcelain possess this property. Some porous 
substances have*the power of adsorbing gases. # * 

Adsorption is a surface phenomenon, and hence it will increase i& 
importance as the particles are made smaller, for then a larger surface is 
presented by a given substance. Adsorption differs from absorption in 
being confined largely to the surface of the adsorbent. It is observed at 
the surface of a solution. It was shown theoretically by Gibbs that those 
substances which lower the surface tension of a solvent in which they are 
dissolved become concentrated in the surface layer , whilst the concentration 
of substances which raise the surface tension is less in the surface layer than 
in the bulk efthe solution . ■ ' \Ay ; 

Thus when many inorganic salts are dissolved in water fhey increase 
the surface tension slightly, so that the concentration of the salt in the 
top layer of the solution will be less than in the bulk of th§ liquid. On 
the other hand, many organic substances, such as esters, aldehydes and 
ketones, lower the surface tension, and are therefore more concentrated 
in the top Jayer than in thebujk oT the solution. 

The mathematical expression, derived by Gibbs, governing this 
variation in concentration m * 

- S=* — 

. BT dC’ 

• * 

where S is the excess off solute in the surface layer; the sign indicates 
whether there is actually an excess or a deficit^ G is the concentration 
of solute if equally distributed, R is the gas constant, T is the absolute 


v,vi/c. /•■/// //- 
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temperature, and y is the surface tension. V is, of course, the variation 

Q/(j 

of surface tension ■with concentration, and can be obtained by plotting 

y against C; ~ is the slope of this curve at the point at which the 
aC 

conditions are those of the experiment. 

A direct experimental proof of the Gibbs equation was obtained by 
McBain and Swain. They used a rapidly moving microtome blade to 
remove the surface layer of solutions of phenol and hydrocinnamic acid 
and sodium chloride. It was found that there were differences between 
the concentration of ijie solute in the surface layer and that in the bulk 
of the solution. The difference found was that which would be expected 
from the Gibbs equation. 

Actually the Gibbs Adsorption Law was first derived for the solution 
of gases in liquids. If a gas, on solution in a solvent, increases the surface 
tensionf the concentration of gas in the top layer of the solution will be 
less than in the bulk of the solution, and if, on solution, the surface 
tension is decreased, the concentration will be greater in the surface 
layoff. The equation here is 

_ £= JL ^ 

. , RT dp' 


Tvhere p is the partial pressure of the gas, and the other terms have 
their previous significance. Again, this formula has not been proved 



quantitatively, though it is known qualitatively that such an adsorption 
takes place. 

As the Gibbs equation shows, low temperatures will favour adsorption. 
There need not be chemical change when adsorption takes place, though 
frequently there appears to be some such change. It is a matter of 
great importance in connection with heterogeneous catalysis (§ 874 ). 

Many solids adsorb gases. The removal of such adsorbed Pavers of 
gas is a problem which is of frequent occurrence. It has already been 
mentioned that glass and porcelain take up moisture. This layer must 
be removed'before carrying out any quantitative experiments involving 
change of temperature, as otherwise the mass of the adsorbed moisture 
at the end of the experiment may be different from that at the start. 
The removal may b© effected by heating tihe vessel to redness, and 
allowing it to cool in a desiccator. In the construction of discharge 
tubes for studying the conductivity of gaCes and the production of 
spectra, and in the manufacture of wireless valves, where a great deal 
depends upon the maintenance of a high vacuum, it is necessary to 
“outgas” the various metal parts and the glass of the'’ tubes by heating 
to redness in vacuo. Otherwise, when the vacfihm in the tube had been 
created, gas would-slowly be given up by the metal parts and the 
glass, causing an appreciable pressure. r 
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The removal of adsorbed gases also plays an important part in paint 
manufacture. Unless the solid particles of colouring matter are directly 
in contact with the linseed oil in which they are suspended, the paint will 
not. adhere well to the surface to be painted, and will have a poor 
covering power. The gases are removed by continued grinding with the oil. 

The process of adsorption of gases by solids, however, has its uses, as 
well as its disadvantages. Some porous substances, such as charcoal 
(particularly coco-nut charcoal) adsorb gases very readily. Reference 
to this has already been made (§ 241) in connection with the removal 
of the lasUtraces of gas from an “exhausted” tube. The adsorption of 
gases by silica gel has already been mentioned. 

The adsorption of colouring matters from solution by animal charcoal 
is an example of the same phenomenon, and is a process of great 
technical importance in the refining of sugar. The brown sugar solution 
is warmed and allowed to stand in contact with animal charcoal for 
some hours. The colourless solution is then run off. 

Adsorption is frequently a nuisance in gratfimefrip and qualitative 
analysis. Reference has already been mad© to the contamination of 
precipitates by adsorbed substances (§ 131), and to the errors caused in 
analytical results. Even thorough washing does not remove the 
impurities completely. In qualitative analysis, the hydroxides of zinc 
and calcium are frequently adsorbed by ferric hydroxide^so thatif the « 
first two metals are only present in traces in the original iron-containkig 
mixture, they may not be detected, being completely adsorbed by the 
ferric hydroxide. 

Ferric hydroxide is a good adsorbent for arsenic from sodium arsenite, 
and is used as an antidote for arsenic poisoning. 

361. Distinction between Absorption and Adsorption. — The essential 
-difference between absorption and adsorption lies in the fact that the 
letter is a surface phenomenon, and the former concerns the whole mass 
of the absorbent. In practice, it will be expected that in the case of 
adsorption, equilibrium will be attained rapidly, whereaS in the case of 
absorption it will be reached more or less slowly. 

The experimental distinction may be shown by aga experiment 
carried out by McBain (1909). When charcoal takes up hydrogen at the 
temperature of liquid air, both absorption and adsorption appear to 
occur. Charcoal saturated «with hydrogen was placed in a vessel which 
could be exhausted, and which was provided with a manometer. When 
the vessel was exhausted* the hydrogen was removed from the charcoal « 
in two stages. Some was remoyed rapidly, the rest very slowly. The 
first amourj} removed was that adsorbed on the surface, the second that 
absorbed by the interior of the charcoal. Si^iilar phenomena wear© 
observed whan the reverse change took place. An “outgassed” charcoal 
was placed in an ^tmosphere of hydrogen. Within two xxypntes 99 per 
cent, of the hydrogen that could be taken up by the charcoal was 



624 COLLOIDS AND SURFACE PHENOMENA 

adsorbed. The remaining 1 per cent, was taken up slowly, corresponding 
to a slow diffusion into the interior of the charcoal. 

McBain proposed the use of the term sorption to cover the whole 
phenomenon of the taking up of a gas by a solid. The surface effect is 
adsorption , the solution in the interior of the substance is absorption . 
These terms are universally accepted. 

868. Determination of the Amount of Sorption. — This is usually 
done by first freeing the substance from gases already taken up by 
heating in vacuo, A weighed amount of the substance is taken. After 
evacuating, and cooling, a measured amount of gas is admitted, and 
the pressure and volume noted after waiting until no more gas is taken 
up. From these valuesthe amount of gas taken up can be found. 

368. The Freundlich Adsorption Isotherm, — If x is the mass of gas, 
adsorbed, and m the mass of the adsorbent, and p is the pressure of 
the gas, 


where a and n are constants. Tills relationship was obtained empirically 
by Fjoundlich, and is known as the Freundlich adsorption isotherm . It 
has no theoretical significance, and holds only for medium gas pressures. 
In the ease of adsorption from a solution, the equation becomes 


where c is the equilibrium concentration of the adsorbed substance in 
the solution. 

Taking logarithms, we have 

log x - log m = - log c + log a, 


so that if log x is plotted against log c 9 a straight line should be obtained. 

The adsorp|ion isotherm bears a certain formal similarity to the 
Distribution Law (§ 261). If the concentration of a substance distri- 
buted between two immiscible liquids is c 1 in the first substance and c % 
in the second^ and if n is the degree of association of the solute in the 
second solvent, 


where k Is a constant, 
Hence, 


It will be seen that this is very similar to the adsorption* isotherm. It 
cannot, hoover, be argued that the value of n indicates the extent of 
association in the adsorbed layer. 
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The following data for the adsorption of argon by coco-nut charcoal 
at - 78-3° C. illustrate the law. 

Table GTL— Adsorption of Argon by Coco-nut Charcoal 
at - 78*3° C. (Miss Homfray, 1910). 

1 


a = 3*698; 


n 


: 0*6024. 


ytp 

v .'(cm. of Mercury). 

•I (Obs.). 
m 

A (Calc.). 
m 

5*42 

9-9 

* * 

10*2 

9-84 

15-4 

14-7 

12-9 

18-6 

17-3 

21-8 

24-0 

23-7 

56-4 

39-4 

41-9* 

• 


Adsorbed substances, especially gases, frequently show enhanced 
activity. Thus hydrogen adsorbed on palladium will act very much like 
nascent hydrogen. It will precipitate mercury from mergurie chloride, 4 
and reduce ferric chloride. This is of importance in connection with She 
theory of catalysis (§ 374). 

364. Langmuir Isotherm. — Langmuir derived an adsorption 
isotherm on the basis of the kinetic theory. If /x is the number of gas 
molecules striking 1 sq. cm. of the adsorbing surface per second, and if a 
fraction a of these molecules adhere to the surface which has already 
<a fraction 9 covered by gas molecules, then the rate at which molecules 
are adsorbed is (1 - 9) a/x. Simultaneously adsorbed molecules are 
desorHed* and the rate of desorption is proportional to the fraction 
covered; the rate of evaporation is, therefore, v$ where $ is a constant. 
At equilibrium the processes of adsorption and desorption are proceeding 
at equal rates so: , * 

(1 — 9) a fz = v9; 


then 




ajjL 


V -f* aft 

If it is assumed that theggas molecules frrm a layer one molecule thick 
on the surface then the fraction of surface covered is proportional to 
the amount of gas adsorbed pei*gram of the adsorbent, that is 


k§-. 


-and 9 ■ 


m 


km 


where k is constant, x is the amount of gas adsorbed** and m the 
weighs of adsorbent. The constant /x is proportional to p the pressure 
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of the gas and, therefore, p ==■ k^p. Substituting these values and 
equating the values for 6 gives: 

x akp 

km v + akp 


or 


akk t p 


m v + a &iP 

Dividing the numerator and the denominator of the term on the right- 
hand side by v gives 


x 

m 


' kk ^ 


ak t p 


ak 

aii ancfrare all constants and so — can be written equal to h % so 

'V' A ■ ' 9! « 


kk^p 


m 


1 + k 2 p 

This equation is known as Langmuir’s Adsorption Isotherm. It may be 
* rearranged to- give 

t jx ^l + kjp 


and 


m 
lx 

P - ■ 
/ m 


kk^p 

: [ M$i 

kk» ■ k 


Plotting p /— against p should give a straight line. McRain and Brittain 

found that this was reasonably true for ethylene at pressure^ up Jbo 
about 40 aims. , at 0° C. and 45° C. 

The Langmuir isotherm frequently does not agree with experimental 
results. This is because in deducing the isotherm the adsorbing solid 
is assumed tr be a uniform adsorbent. Actually surfaces are non- 
uniform. Further it is assumed that the gas is adsorbed as a monolayer. 
This condition does not always hold in praetiep. 

365. Types of Adsorption. — There appear to be two main "types of 
adsorption, physical (also called van der Waals adsorption) and 
' chemisorption. The difference between these types of adsorption lies 
in the nature of the forces causing the gas molecules to adhere to the 
surface. In physical adsorption the gas is held on the surface by the so- 
called van der Waafe forces. These involve weak r intermolecular 
attractions and are the forces that cause the molecules "in a liquid to 
stay together The van der Waals forces are characterised by low heats 
of adsorption (1 kg.-cal. per mole). Physical adsorption is easily reversed 



plexes are formed, the process is called chromatographic analysis. 
Although it was used by Ts^ett as early as 1906, it was not until 1930 
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either by raising the temperature or lowering the pressure. With 
chemisorption the gas molecules are held on the solid surface by 
chemical bonds formed between the gas molecules and molecules or 
atoms on the solid surface. An example of such adsorption is the 
adsorption of oxygen on tungsten. The heats of adsorption are high 
(50-100 kg. -cal per mole) and the process is reversed with difficulty, 
and only after heating to high temperatures. 

866. Adsorption Indicators. — Within recent years various dye- 
stuffs, which owe their use to adsorption, have been introduced as 
indicators, particularly in silver titrations. Thus potassium bromide is , 
conveniently titrated with silver nitrate, using eosin as an indicator. 
When the silver nitrate is run into the bromide a precipitate of silver 
bromide is produced, which, however, can adsorb either silver or 
bromide ions, the latter preferentially. It can also adsorb the dye 
eosin. When silver ions are adsorbed they are adsorbed as their eosin 
salts, which are brick-red. Thus so long as there is excess Jjromide 
present, the bromide ions will be adsorbed in preference to silver, and 
the solution retains the colour of the eosin, a pinkish-yellow. As soon, 
however, as there is a slight excess of silver ions, thesq are adsorbed on 
the silver brorffide formed, together with eosin, and give the precipitate 
a brick-red colour. The indicator is extremely useful for dilute solutions, 
and will give accurate results with concentrations down«to MjlfQOO. 
Fluorescein is also used in the determination of chlorides by means <5f 
silver nitrate. It is important to remember that it is not the colour of 
the solution which changes, but that of the precipitate. Other dyes 
which will act as adsorption indicators in silver titrations, and some 
other precipitation titrations are, diehlorofluorescein, di-iodofiuorescein, 
and other fluorescein derivatives, Biebrich scarlet, pheno-safranine, 
tartrazine, and rhodamine 6 G. 

867. Chromatography. — Substances can be selectively adsorbed from 
solution, and an application of this fact is now widely used in analysis 
for carrying out separations which would involve very* lengthy and 
difficult procedures by ordinary chemical methods. Because the method 
was first used by the Polish botanist Tswett (1906) to separate the 
carotenes, which are plant pigments, and coloured adsorption com- 


that the value of the method came to be^recognised, and it became a 
common laboratory technique. ' 

If a solution of plant pigments, such, for example, as the extract 
obtained by foiling leaves with acetone, is al!ow r ed to flow through a 
long tube packed with an adsorbent, such as ainmina, the different* 
pigments are adsorbed \t different stages of their journey down the 
tube. The most easily adsorbed substances wM collect at the top, the 
less readily adsorbed will pass further down before they are removed. 
% * * w* 
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Coloured bands are therefore seen in the column of adsorbent. This 
is called a chromatogram. The initial separation is sometimes not very 
distinct, and can be improved by passing some of the pur© solvent 
through the column. This is called the development of the chromato- 
gram; what happens is that some of the less readily adsorbed substances 
are redissolved and adsorbed again further down the tube, thus spread- 
ing out the coloured zones. In this way it is possible to obtain an almost 
complete separation of a complex mixture. 

The adsorbents commonly employed are alumina (specially prepared 
for the purpose), magnesium oxide, and sucrose. The solvents are 
usually organic — acetone, benzene, and petroleum ether being fre- 
quently used. 

When the chromatogram has been obtained, the column of adsorbent 
can be pushed out of the tube and cut into sections at the various zone 
boundaries. The adsorbed substance can then be dissolved out with a 
suitable^solvent. Gptiis process is called elution. Another method is to 
pour more of the solvent through the column and collect each com- 
ponent as it reaches the bottom of the tube. 

Fop colourless substances various methods can he used. They may 
be converted into coloured compounds, and then decomposed again 
when the separation has been effected. Some colourless compounds 
give^a fluorescence when exposed to ultra-violet light, and this method 
has been used to detect the zone boundaries. 

Chromatographic analysis has proved to bo a very valuable method 
and has been used not only for the separation of complex mixtures, but 
for the purification of substances, the detection of impurities, the 
concentration of dilute solutions of naturally occurring organic com- 
pounds, and a number of other purposes. 

308* Partition Chromatography. — The chromatographic methods 
outlined above depend on the differential adsorption of components*, on 
an adsorbing^ column. Martin and Synge in 1941 developed another 
method of chromatographic separation which depends on the differences 
of partition of substances between different solvents. In the original 
experimenfcs'of Martin and Synge a small quantity of a solution of a 
mixture of acetylated amino acids was placed on a silica gel column. 
This gel contains a large quantity of wa^er; w p can regard it as water on 
a silica support. A solvent which is not dfully miscible witlf water is 
allowed to travel dowm the silica gel. The solvent used originally was 
chloroform mixed with a little butanol. The solvent as it moves along 
carries the different actylated amino .acids at different rates along the 
gel. This difference in rates is due to the differences of the, partitions of 
the various acids between water and the chloroform-butanol mixture. 
In this example water is what is called the stationery phase; the 
organic sclents are a ^mobile phase. The function of the silica gel 
is to act as a support for the solvents. It has since been found con- 
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venient to use cellulose in the form of filter paper as a stationary phase 
support. 

Paper chromatography may be carried out experimentally in a 
number of ways. For example a drop of a solution of a mixture is 
applied to one end of a strip of filter paper. The paper contains water 
which is in equilibrium with the water vapour of the atmosphere. The 
strip is placed vertically in a vessel with the end at which the solution 
has been applied dipping into a container which contains the solvent 
which is to^act as the mobile phase. This can be arranged so that the 
solvent can either travel up or down the paper: that is the test spot may 
either be at the bottom or the top of the strip of paper. The* whole 
apparatus is enclosed in a jar to ensure constancy of atmospheric 
conditions. The atmosphere in this jar should be saturated with the 
vapour of the solvents which constitute the mobile and the stationary 
phases. The mobile solvent will move along the paper until it reaches 
the test spot; it then carries the various components present in*the test 
solution at different rates. The strip is left for some hours while this 
process continues. It is then removed from the container, dried, 
and the distances which the various components have moved* are 
observed. The components will appear as a number of coloured spots 
at different distances along the paper. If the substances present are # 
colourless then the positions on the strip may be detected by spraying 
the paper with a solution which contains a reagent capable of reacting 
with the various substances present to give coloured compounds. For 
example ninhydriii is used when mixtures of amino acids are being 
separated. Alternatively if the components fluoresce in ultraviolet 
light then their position in the strip may be detected by exposing the % 
paper to ultraviolet light and noting the points at which fluorescences 
appear. 

The distance which the mobile phase has moved along the paper can 
also be measured. The ratio of the distance a component has moved 
to the distances the solvent has moved is called the E F value. This is 
characteristic for each component in a mixture. The E F value for any 
component will be changed if the partition is carried out between a 
different set of solvents. 

While the difference in*partition of components between solvents is 
the primary reason why tiffe components are separated in partition 
chromatography it may be pointed out that adsorption on the support % 
also occurs. Apart from cellulose and silica gel, powdered rubber, 
starch, Celiie and kieselgiihr have been used as stationary phase 
supports in separations involving organic materials. Cellulose has been 
used almost entirely foi; separations of inorganic %uhstances. It is not 
necessary that? water should be the stationary phase. Non-aqueous 
systems may also b% used. It is only necessary that the s<fivents used 
in the stationary and mobile phase i§hould not be completely miscible. 
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One m»t important eep.ct of 1 

above of partition c'njomttotoop - Martin in Endeavour 

(1948, p. 268), and Williams m es Wells in the Quarterly 

survey of inorganic cbromstography >s given bj 

thattke K?kU« solutions of a surface , a«ive - 

greater “ n “ nt ““j°l ) " 1U ^“Stty acids this effect becomes 
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more pronounced. Also the soluD y solubility becomes 

the acids contain about eleven carbon _ surfaced water. 

matter shows m . mu molecules are oriented with the 

modules one molecule thick molecuks ar ^ ^ 

carboxyl groups pom ^ g t ^ e va ter. Surface films are ^studied in the 
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Fig. 290 .— Langmuir Trough. 

trough filled to the brim with water: The film is held on the surface 
between two harriers. These can be strips of waxed paper Or glass winch 
L across the surfaced the water. One harrier is fixed and ^ atta^ed 

to a torsion wire arrangement by which the force ends 

measuredrSmall pieces of platinum foil are placed between the ends 
the sides of the trough to prevent ^the film- moving 


of the barrier and 
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round the sides of the barrier* The second barrier, which is. supported 
by the sides of the trough is movable, so the area of surface between the 
barriers can be varied. The compound under examination is dissolved 
in a volatile solvent and a known quantity of this solution is dropped 
on to the surface of the water between the fixed and movable barriers. 
The solvent evaporates leaving the compound which forms a film. 

The variation of the force exerted by the film (measured by means of 
the torsion wire) with the area of the film (varied by means of the 
movable barrier) can now be studied. A plot of such a force-area curve 
can be made and a typical curve is shown in Fig. 221. The first portion 
of the curve AR corresponds to a small ^ % 

force exerted by the film. In the part of 
the curve B to C it can be seen that a very 
small decrease in film area leads to a very 
large increase in the force exerted by the 
film; the molecules at tins stage are tightly 
packed together and resist strongly any 
attempt to compress them further; finally 
at C the film collapses and the molecules 
in the monolayer start to pile on top of 
one another. f Extrapolation of the line 
OB to I) gives us the area occupied by the 
film when the molecules are closely packed 
together. Knowing the weight of com- 
pound in the film (w) and the molecular 
weight (M) of the compound forming the 
film and the Avogadro number N 0 we can 
calculate the number of molecules in the 

film; this is N 0 Dividing this into the 
* M 

area D we can calculate the area each molecule occupjps on the film. 
This works out to be about 20*5 sq. A. for the fatty acid series. The 
fact that this area is the same for the various members of the series 
shows that the acids are packed pointing perpendicularly^ the surface. 
The same area per molecule is found for films of long chain amides, 
alcohols, methyl ketones* and other substances containing a long hydro- 
carbon chain attached to polar group. The figure 20*5 gives the area 
of cross section of the hydrocarbon c&ain. The consistency of the 
results indicates that tlie view that the hydrocarbon chain of the 
molecules is vertical to tBe surface with the polar group in the water is 
correct, A^ra^r results give a value for the area of cross section of a 
hydrocarbon chain wljich agrees with that obtained from surface film 
measurement. If more molecules of the compound are spread than are 
necessary for th% formation of a monomoMoular laye^ on the area 
available for the film, the excess molecules do not spread on the mono- 


•• 


D 

Film area 


Fig. 221. — Curve of surface 
force against area for a surface 
film. 
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layer, but remain- as a lens localised in one portion of the surface. 

370. Emulsions.— A eollodial system involving one liquid dispersed 
in another is known as an emulsion. For example oil can be dispersed in 
water to form what is called an oil in water emulsion; in contrast water 
can be dispersed in oil to form a water in oil emulsion. The dispersed 
particles in an emulsion are about -1 to lp. in size. The formation of an 
emulsion will lead to a large increase in the interfacial area between the 
components forming the emulsion. Because of this, emulsions formed 
from just one component dispersed in another are not very ^stable. lo 
be stable an emulsion requires the presence of a third substance known 
as an emulsifying agept. These agents reduce the interfacial tension 
between the two components forming the emulsion. Among the ma'ny 
emulsifying agents are soaps and detergents. These compounds nave 
long hydrocarbon chains attached to a polar group. At an oil- water 
interface the hydrocarbon chain is absorbed on the oil side of the inter- 
face; th^polar group on the aqueous side. . 

Detergent action is related to the stabilisation of an emulsion. It we 
consider the action of a detergent solution on a grease layer on fibre, 
threo*stages in the cleansing of the fibre may be distinguished. The 
detergent is more strongly adsorbed at the fibre water Interface than 
the grease, and so displaces the grease layer. As the latter is displaced 
• it is foiled info a globule. The globule is detached from the fibre into 
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871. Development ol the Theory of Catalysis, — A broad definition 
of catalysis is “the acceleration or retardation of chemical reactions by 
the addition of small quantities of foreign substances to the reacting 
system”. 

It is remarkable that catalysis, which to-day plays such an important 
part in every branch of chemistry, including particularly the technical 
side of the subject, was very little investigated before 1800, Like many 
other branches of chemistry, its study was facilitated by the atomic 
theory of Dalton, and the development of stoichiometry. The use of 
certain catalysts, however, goes back a long time before 1800, though 
there was no i theory of their action. Particularly, the procc&B of 
fermentation has been known for centuries. The action of yeast was 
one of the earnest phenomena to interest men of science. The “Philo- 
sopher’s Stone” and the “Elixir of Life” may both hi regarded $U3 
catalysts, long sought after, but never reached. The idea of gold acting 
as a “ferment”, a small portion engendering a much greater quantity, 
long precedes the Philosopher’s Stone. It is found in the work of 
Zosimus (ca. a.d. 300) if not in earlier writers. One of the early refer- 
ences to catalysts in alchemy is given by Lowenstern in his book 
“Laboratorium Chymicum”, the fourth edition of which was published 
in 1767. He refers to an alchemist, Sehwerzer, who, in the year 1585, 
had produced an “elixir” of which “one part would tinge 1024 parts of 
base substances”. There is, however, a long distance between this and 
the first definite observations of catalysis in which a catalyst was shown 
to be able to accelerate chemical reactions without any violation of the 
stoichiometrieal laws. # 

The first catalytic reactions which were studied at all systematically 
were (a) the conversion of sulphurous acid into sulphuric acid, forming 
the basis of the lead chamber process for the manufacture of this acid; 
this was known in the eighteenth century; (b) the hydrolysis of an 
aqueous solution of starcli by acids to give sugars (Parmentier, 1761, 
Kirchoff, 1811); (c) the catalytic decomposition of hydrogen peroxide by 
metals (Thenard, 1818); (d) the oxidation of combustible vapours by 
air in the presence of ajieated platinum wire (D#ry, 1817), or platimnh 
sponge (Bobefeiner, 1823). This discovery caused a great sensation, and 
really started the investigation of faeterogeneo& catalysis. ** 

Later in the nineteenth century 9 a large number of other 

■ # ess ■ 

* * 
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reactions were discovered and investigated. Of the characteristics of 
SLjtto action trftich w. to tanonstated, 4e one to otto out 
above all the rest is the fact that the catalyse is not used up in the 
process. Relatively large quantities of the reacting substances could be 
brought into reaction by the use of a small quantity of catalyst, and 
there appeared to be no reason why, if the presence of impurities or the 
possibility of mechanical loss were avoided, an unlimited quantity of 
the reactants could not be transformed by a finite quantity of the 
catalyst, however small. Further, it was found that catalytic action was 
specific, not every catalyst being able to bring about every reaction. A 
catalyst frequently could only be chosen after numerous experiments It 
was also discovered that a catalyst could be rendered inactive by the 
presence of certain substances. This was first shown by Doberemer and 

^Thefname “catalyst” was first given to these active substances by 
Berzelius in 1835. It is.to be noted that quite thirty years passed, after 
catalytic changes were studied thoroughly, before the phenomenon was 

given h» name. , .* •, 

ItT'vas soon recognised that catalysis could fall into t^o, or possi y 
three, classes. The first is homogeneous catalysis, where the catalyst is 
in the same phase as the reactants. One of the earliest of catalytic 
* reactions, the lead-chamber process of making sulphuric acid, belonged 
to this class. The second is heterogeneous catalysis, m which the 
catalyst is in another phase from the reactants. This is the more 
important of the two classes, and is represented in the early work by 
Dobereiner’s experiment with combustible gases and oxygen, lhe third 
need not be classed as a new type, but it is convenient to do so. it 
' comprises the biological catalytic processes, of which the reactions due 
to enzymes were very early known. The hydrolysis of starch by means 
of diastase from germinating barley was investigated by Irvin i» 1785, 
and by Kirehpff in 1814. Another early example was the breakdown 
of amygdalin by emulsin, studied by Liebig and Wohler in 1837.. 

Theories as to the cause of catalysis were not long in following the 
observations' In the first decade of the last century these explanations 
centred round thermal effects of some kind, such as local heating, or 
certain electrical effects. These were discarded- by Doberemer and Davy 
and others. A very important work on the'aetion of nitric oxide m the 
lead chamber process was published by Clement and D6sormes in tow. 
' in which they pointed out that the nitric oxide, acted as a carrier of 
oxygen owing to the formation of an intermediate compound, NOj. 
This explanation, which is still regarded as correct, made others think 
that all catalytic action was possibly, due to the formation of inter- 
mediate compounds, with the result that, in order to explain these 
reactions, assorts of chemical compounds which could have no possible 
ohanMi of existence were postulated- Faraday, however, did not agree 
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with, the formulation of compounds which had no separate existence, and 
which violated the ordinary chemical laws, and, being particularly 
concerned with the action of platinum in bringing about the combustion 
of a mixture of hydrogen and oxygen, proposed the adsorption theory. 
These two views, those of the formation of intermediate compounds and 
of adsorption, have held the field with few modifications ever since. It 
is interesting to note that the modern theory of adsorption which 
postulates the existence of special points on surfaces at which adsorption 
takes place % was anticipated to a certain extent by Schweigger in 182.3, 
who refers to the existence on the surfaces of solid bodies of “anlagen- 
punkter”, at which catalysis commences. * * 

Ike various theories of catalysis will be dealt with more fully later, 
but it may be said that during the nineteenth century the knowledge of 
the phenomenon of adsorption was so scanty that the intermediate 
compound theory was almost universally acknowledged to be correct, 
although some, such as Mercer and Playfair, |pok$d at the question 
from the point of view of affinity. Mercer — known for his discovery of 
“mercerisation” — stated in 1842 that catalysts were substances with 
weak chemical affinities, so that if intermediate compounds were 
formed they would of necessity be rather unstable. Playfair, in 1848, 
extended this f view, and stated that catalysts possessed additional 
affinity, which was added to the affinity of the reactaifts, and *thus 
caused the reaction to go faster. The intermediate compound theory 
received further enhancement by the discovery in 1867 by Deacon of his 
process for the manufacture of chlorine from hydrogen chloride by 
passing it over heated cupric chloride in the presence of oxygen. He 
was actually seeking examples of catalysis involving intermediate 
compound formation when he came across the formation of chlorine by 
Seating cupric chloride in air, and combined this with the regeneration 
of*eupiic chloride by heating cuprous chloride with hydrogen chloride 
and air. * . » 

Schonbein, in 1850, stated that no chemical reaction, whether 
catalytic or not, must be regarded as taking place directly according to 
the equation, but that each chemical process is made up^of a series of 
elementary processes. This was a further aid to the intermediate 
compound theory. The ix^trodu^tion of a new substance into the system 
in the fSrm of a catalyst %neant the possibility of new elementary 
processes. The theory would also explain $Jie specific nature of catalysts, 
and also the poisoning of catalysts (§ 376). 

The whole study of catalysis was put on a new footing by the work 
of Ostyrald. 4n 1888 he formulated a series of criteria of catalysis, which 
summed up the t>ehaviojir of catalysts. These points are: * 

(I) The cai&lyst remains unchanged at the end of the reaction . — This 
only applies to the^chemical composition of tie catalyst. •Its physical 
form m#y change completely. Thus, if coarsely powdered manganese 
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dioxide is mixed with potassium chlorate in the preparation of oxygen, 
at the end of the reaction it is found to be finely powdered. 

(2) A small amount only of catalyst is required . — This is not invariably 
true. Many examples are known where the catalyst must attain a 
definite minimum concentration before it will act. An example of this is 
provided by the Friedel and Crafts reaction in organic chemistry, where 
alu min ium chloride is used to promote the reaction between an 
aromatic hydrocarbon, such as benzene, and an aliphatic halide, such as 
ethyl chloride* Here, however, it is known quite definitely that an 
intermediate compound is formed. 1 On the other hand, it is known that 
in many cases a very small amount of catalyst is sufficient for the 
purpose. Attempts have been made to determine the threshold concen- 
tration of catalyst required, but they have not been very satisfactory. 

(3) A catalyst alters the speed of the action , without , however , altering 
the final state of equilibrium. — This is true where the catalyst is needed 
only in^mall concentration, and indeed this criterion would be required 
from the application of the law of conservation of energy.* If, however, 
the catalyst is present in large quantity, there is no need for this to be 
truer and experiments carried out by Jones and Lagworth on the 
equilibrium constant of the hydrolysis of ethyl acetate in the presence 
of varying amounts of hydrochloric acid, which acts* as a catalyst, 
indicate thafit is not true when the amount of acid used is large. 

(4) A catalyst cannot start a reaction , but only increases or decreases its 
speed. — This, again, is probably not true. Many reactions are known 
to he initiated by a catalyst. Of course, there is always the reply to this 
objection that the reaction may proceed so slowly without the catalyst 
that its speed cannot be measured. 

372. Heterogeneous Catalysis. — This class of catalysis includes the 
majority of these reactions which are of commerieal importance, and 
has been studied therefore to a much greater extent than homogeneous 
catalysis. Im this type, the catalyst is a separate phase from the 
reactants, which are usually gases. The catalysts that have proved 
most useful in this field are the metals platinum, nickel, copper and iron, 
usually in a "state of fine division, and certain metallic oxides, chiefly 
those of iron, zinc, chromium, bismuth and molybdenum. This is not, 
of course, an exhaustive list. * * 

1 The explanation of the Friedel and Crafts reaction is expressed by the 
equations: — « 

XH -f YC1 + A1C1 3 - XHYCIA 1 CI 3 . 

XHYCIAICI 3 ’ ~ X Y 4 - HC1 -f AlCi 3 . 

It is necessary to add at least one gram-molecule of aluminium ejiloride to each 
gram-molecule of the reacting substance. It is extremely -probable that the 
aluminium chloride is nut a catalyst at all, but that the co-ordination compound 
formed (XHYd . A1C1 S ) is immediately decomposed. To reiinSi to the original 
theory, Bdese^en has supposed that a large excess of the catalyst is required, as 
some is used up in the formation of the co-ordination compound, and more must 
be added to provide some of the free catalyst. 
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Catalysts are usually specific in their action. One catalyst may serve 
for an' hydrogenation, whilst it would he useless for an oxidation. 

Important technical processes using the phenomenon of hetero- 
geneous catalysis are: — 

(1) The preparation of hydrogen from water gas and coke oven gas. 
The carbon monoxide of the water gas is converted into carbon dioxide 
by the action of steam in the presence of ferric oxide to which a promoter 
(§ 375) has been added. 

- co + h 2 o = co 2 +h 3 . 

(2) The preparation of methyl alcohol from carbon monoxide and 
hydrogen, using as a catalyst zinc oxide together with chromium oxide 
as a promoter. 

CO + 2H 2 = CH 3 OH. 

(3) The Haber process for synthesising ammonia in which lytrogen 

and hydrogen in the correct proportions are passed-, over a heated 
catalyst, formerly platinum, but now mainly iron, containing a 
promoter. , ** 

’ N 2 + 3H 2 = 2NH 3 . 

(4) The oxid&tion of ammonia to form nitric oxide, and^ ultimately, 

nitric acid. ^ 

4NH 3 + 50 2 = 4N0 + 6H 2 0 

2NO + 0 2 - 2N0 2 • 

2N0 2 + H 2 0 = HNO s + HNO, 

3HN0 2 = HNO s + H 2 0 + 2N0 

The catalyst formerly employed was platinum wire gauze, but now 
tfie cheaper mixture of ferric and bismuth oxides has taken its place. 

(5) Hydrogenations, such as the conversion of liquid oils into solid 
fats, as in the manufacture of margarine. The catajyst is finely 
divided nickel. 

[X - CH = CH - Y] + H 2 ->[X - CH 2 - CHg Y] 

Unsaturated Oil. Saturated Fat. 

(6) The contact process for manufacturing sulphuric acid. Sulphur 
dioxide i% directly oxidise?! ^y Atmospheric oxygen in the presence of 
platinum. 

aeo 2 + o 2 = 2^o 3 . 

(7) The removal of sulpkur compounds from coal gas. Hydrogen 

sulphide is reftno^ed by passing the gas over ferric oxide in the presence^ 
of sawdust. • # 

$ e,0* + 3H,S - FeJ$ 2 + 3H A 

The othpr volatile sulphur compounds in the gas are converted into 

’ 9 • ■ * ^ 

* * 
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hydrogen sulphide by passing over a hydrogenation catalyst, e.g., 
metallic nickel. The hydrogen sulphide is then removed as above. 

11 ( g\ T he use of activated charcoal. This charcoal is prepared from 
special woods, and is largely used in chlorinations The liquid to be 
chlorinated is passed down a tower Med with activated charcoal, whilst 
the chlorine gas is passed up. Hydrogen chloride is now manufectnred 
hy passing a mixture of hydrogen and chlorine over activated charcoal. 
Further details of these reactions will he found in text-books of 

Inorganic Chemistry. - , 

373. Enzyme Catalysis— Enzymes probably act in solution, and 
therefore may be hcgnogeneous catalysts. They are complex organic 
compounds, which are not very stable, and form colloidal solutions with 
water They catalyse numerous reactions, especially those connected 
with natural processes. Host of them are hydrolytic in them action, i.e., 
they cause the addition of water to a substance. Thus, diastase con- 
verts starch into xqaltose, and maltase, a different enzyme, will cause the 
hydrolysis of maltose'’into glucose. Invertase converts sucrose into a 
mixture of glucose aad fructose; and zymase converts glucose into 

The exact mechanism of the working of enzymes is not known, hut 

they are extraordinarily important substances in the hupian body. 

374. Mechanism of Catalysis— It has already been stated that 
there "are two broad theories of catalytic action, one of which may be 
termed the “chemical” theory, and the other the “physical’ theory 
The first postulates the formation of intermediate compounds, often of 
doubtful composition, whilst the latter supposes that adsorption takes 
place. These two views have now been brought into harmony by the 

work of the last twenty years. , 

The Intermediate Compound Theory . — Intermediate compound 
tion may result in reactions of two types, which may be represented, by 
the equations: 

x. :: AX+Ct = CtX + A, 

<7iX + B = BX + «, 
giving * AX + B = A + BX. 

n. A Ct = ABCf, 

ABCt = AB j- Vi, 

giving B = AB. 

In these equations the symbol Ct stands fof the catalyst. 

There can be no doubt that in a very large*number of eases of catalysis 
intermediate compounds axe formed. One need only quote the lead 
’Chamber process ft* the manufacture of sulphuric acid, which is 
usually regarded as a catalytic process, to show that h«e intermediate 
compound formation iS necessary. Actually thi^ is a case of homo- 
geneous catalysis, as both the catalyst and the reactants aje in the 
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same phase, viz., the gaseous phase. The production of oxygen by 
heating a mixture of manganese dioxide and potassium chlorate is 
another reaction in which intermediate compound formation is prob- 
able. This reaction has been regarded by McLeod as consisting of the 
following successive changes: 

(a) 2Mn0 2 + 2KC10 3 = 2KMn0 4 + Cl 2 + 0 2 . 

(b) 2KMn0 4 = K^lnO, + MnO* + 0 2 . 

(c) K 2 Mn0 4 + Cl 2 = 2KC1 + Mn0 2 + 0 2 . 

This accounts for the fact that in tins reaction the oxygen is often 
contaminated by a small quantity of chlorine, and that the residue, 
if admail quantity of manganese dioxide only is used, is often coloured 
pink/ 1 * * * * * * * There have been physical explanations of this reaction, one of 
which was that on heating the potassium chlorate a supersaturated 
solution of oxygen in potassium chlorate is obtained, which is broken 
up when manganese dioxide is added, just as when dust particles enter ■ 
a supersaturated solution of a salt. If this is true, then any fine powder 
should bring about the decomposition. It is a fact that some other 
powders do so, but it is certainly not a general phenomenon. Also, fjien 
the pressure is reduced over ordinary potassium chlorate, it does not 
facilitate the decomposition as it would be expected to do if the salt 
were a supersaturated solution, > ' • 

The very fact that intermediate compound formation can take plaefe 
in catalytic reactions indicates that the stability of such compounds 
must be small. Otherwise they would not undergo change in such a 
facile w r ay. This may account for the fact that they frequently cannot be 
isolated. On the other hand, there are many reactions in which the 
presence of these compounds is ruled out on grounds of stoichiometry, 
dnd to these the adsorption theory may be applied. 

The gdsorption theory states that before reaction the reactants are 
adsorbed bn the surface of the catalyst. The origin of this idea may be 
traced to Faraday. There is no definite chemical compound, but an 
“adsorption compound’’ of no definite composition, possibly one mole- 
cule thick, is formed at the surface. The work of Hardf, Langmuir, 
Adams and others on the nature of thin films has added enormously to 
our knowledge of adsorption. ^Uso, our modern knowledge about the 
electricaf structure of the at#m, and the nature of chemical combination, 

1 McLeod’s theory cannot !jp reconciled with fee fact that nickel oxide, NiO, and 

ferric oxide, Fe 2 0 3 , are quantitatively as good catalysts in this reaction as manganese 
dioxide. CuO does not catalyst the ruction. These facts suggest that the reaction 
may be (in the case of manganese dioxide}. L ' 

• K£iG 3 + 3MnOo = 3Mn0 8 + KC1 

3Mn0 3 = 3M.nO a + 30. * _ 9 

M 11 O 3 has not, •however, been isolated from this reaction. HiO. might form a 

higher oxide in a similar manner. OuO could not, a%no higher oxide of copper is 

known. McLeod’s theory fails with MO, as this substance, although a better 

catalyst*than manganese dioxide, could not form a nickelate. 

• 
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makes it obvious that there is no essential difference between physical 
and chemical forces. The same forces which can hold the molecules or 
atoms of the catalyst together can act at its surface to attract molecules 
of other substances and give rise to adsorption. This explains very well 
the fact that the more finely divided the catalyst is, the better does it 
work. There will be greater surface and more room, for adsorption to 
take place. For reaction to' occur the two molecules which are going to 
react must presumably be adsorbed side by side; the new molecule is 
then formed and evaporates off, leaving the space clear for the next 
molecules to be adsorbed, and so on. 

Tlicfc. increase in concentration which must occur in the adsorbed 
phase would alone account in some measure, though not completely, *fcr 
acceleration of reaction. Also, the surface of a solid is often ' capable of 
taking up the energy liberated in the reaction (heat of reaction), and 
this may perhaps be used in enhancing chemical reactivity throughout 
the ma§s of reacting substances. If, for example, two bromine atoms 
collide in the gaseous phase and form a molecule, the heat of reaction, 
46,000 gm.-cals. per gram-molecule, is carried momentarily by the 
bromine molecule. This amount of energy is comparable^ with the heat 
of dissociation, so that the newly formed molecule will be very likely to 
decompose again unless this energy is given up. The presence of a third 
body, taklngi no actual part in the reaction, would help to remove this 
energy. The chance for a triple collision occurring in the gas phase is 
small, but when there is a solid surface present everywhere, the chance 
is much greater. It is recognised that this theory cannot be of universal 
applicability, since any surface ought to be capable of acting in 
this way. 

Langmuir’s ideas on adsorption may be applied to catalysis. A 
monolayer of gas atoms is adsorbed on the surface of a catalyst. Thb 
molecules of reacting gases are adsorbed at different points *on the 
surface. They then react to form their products which are" desorbed 
from the surface into the gas phase. It can be show that the energy 
necessary to bring about a gas reaction is lessened by the presence of 
an adsorbing surface. It is possible that when a gas molecule is 
adsorbed, bonds in other parts of the adsorbed molecule are loosened, 
thus helping the progress of the reaction, pointed out previously 
adsorption at the surface of a solid may be*of two types, van der Waals 
and chemisorption. When thg latter occurs in the course of a chemical 
reaction the intermediate compound theory and adsorption theory 
both find a place in our explanation. # * 

It is also known that catalytic activity is not uniformly distributed 
over the surface of a c^alyst. There appear to be active spots. Catalysts 
have been examined by X-ray methods and shown to possess a crystal- 
line structm^, but on t&e surface the catalyst wilj. be uneven. If we 
represent the surface of a nickel catalyst as follo ws; — # 
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activity. Boundaries between crystals, and cracks and imperfections— 
indeed discontinuities in general — probably act as active centres. 
Tills explains the fact that the activity of a catalyst depjends a good^eal 
on its method* of preparation and is enhanced when the surface is 
increased. Hence the great catalytic activity of such substances as 
platinum black. • # 

The mechanisms of the reactions on surfaces is still not clear. ThS 
catalytic hydrogenation of ethylene has been extensively studied: even 
for this reaction at least three mechanisms have been proposed. One 
mechanism involves the chemisorption of both ethylene and hydrogen 
atoms: the ethylene is then supposed to react successively with the 
hydrogen atoms. Another mechanism suggests that only the hydrogen 
or the ethylene is chemisorbed. The third mechanism envisages the 
ad^prption of ethylene as an acetylenic type of compound. None of 
these mechanisms has been definitely proved correct. This reaction 
shows the complicated nature of the problems involved. * 

375. Promoters. — The activity of a catalyst is frequently enhanced 
by mixing it with some other substance, not necessarily itself a catalyst. 
This action is called “promoter” action. Thus, in the Haber process for 
the synthesis of ammonia^it has been found that mixed catalysts of the 
composition Pe + A1 2 Q 3 + Jf-gO are particularly active; in the oxidation 
of ammonia, iron oxide and bismuth oxide may be used; and the 
synthesis of methyl alcohol from carbon monoxide and hydrogen is well 
catalysed by zinc oxide mixed w^th chromium oxide or other oxides as 
promoters. N° definite theory can be put forward concerning these 
facts. ^Possibly the effect of the promoter is to ii^rease the number of 
active spots hp increasing the number of discontinuities in the crystal. 

376. Poisoning of Catalysts —Very frequently the presence of small 
quantities of impunities in the reacting substances will render the 
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catalyst useless. These are called “catalyst, poisons” It is a remarkable 
fact that substances which poison catalysts are usually a so poi > 
organisms. Thus arsenious oxide and hydrogen cyanide are two of t 
most powerful of catalyst poisons. The poison may he specific The 
amounts of various poisons necessary to reduce the velocity ^ decom- 
nosition of hydrogen peroxide to one-half of its original value ha 
KLmed, idien the reaction has been catalysed by eotadsl plstonm 
STtaAse (anensyme prtaent in blood). The results are embodied 

in the Table below. 

TaBLU CIII — COSCENTEATIOS OF POISON BEQUIKED TO EEDTJCE THE 
ciu. v e. ti PTrurnmns to One-hale 


V*’ 

Catalyst. Concns, in gm.-mols./litre. 

, Poison. 

Colloidal Ft. 

Haemase. 

••• , * — * — : 

Hydrogen cyanide 

Mercuric chloride . 

Hydrogen sulphide 

Carbon monoxide . 

AniLne \ 

Hydrogen chloride 

Iodine in potassium iodide 

5 X lO- 8 

5 X 10~ 7 

3 X lO" 6 
very poisonous 

2 X 10~ 4 

3 X 10- 1 

2 X 10- 7 

«• 

1 x to - 6 

5 X 10- 7 
' 1 X 10-8 
mo poisoning 

2-5 X lO -3 

1 x io - 5 

2 X 10- 5 


It is seen that the poisons do not aixecu me two ^ ^ — 

degree. It is clearly very necessary to prevent poisoning of catalysts on 

the technical scale. . , 

The effect of poisoning is probably a reduction of the number oi 
active spots. All the poisons are very highly adsorbed (a fact which also 
explains, in l&rt, their poisonous action to the human body), and will 
therefore quickly cover the active centres and render the catalyst 
useless. The poisoning is not always permanent. If the poison is held 
only on the surface by adsorbing forces, it may be removed again it 
circumstances are favourable. On the other .hand, poisons frequently 
form chemical compounds with the catalyst. Particularly is this so with 
hydrogen sulphide and the metal catalysts. 

The poisoning of catalysts is not altogether an evil, and may some- 
times be u sef ul In organic reactions it is sometimes necessary to stop 
the reaction at a certain stage, and this can be done by addition of a 
certain amount of a specific poison which will prevent the catalyst from 
reacting past a certain point. ' , 

Reaetions_can frequently be slowed down by the addition of some 
foreign substance, which is then sometimes referred to as a negative, 
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catalyst. For example the oxidation of benzaldehyde by oxygen gas is 
stopped by a small quantity of hydroquinone. It has been suggested 
that the negative catalyst is absorbed on the wall of the reaction vessel 
and that as oxidation is a wall reaction the effect of the hydroquinone 
is to poison the wall which would serve as an oxidation catalyst. This 
view is incorrect. The oxidation of benzaldehyde is a chain reaction 
and hydroquinone acts as a chain breaker. Thus the function of a 
negative catalyst is to act as a chain breaker. 

377* Autocatalysis. — Frequently in the course of a reaction a 
substance is formed which catalyses the reaction. This phenomenon 
is called "autocatalysis”. An example is found in tjie titration of oxalic 
acid*by means of permanganate. When the first portion of perman- 
ganate is added to warm oxalic acid solution, there is an appreciable 
period before it is decolorised. The second portion is, however, 
decolorised immediately. This is because manganous salts catalyse the 
reaction. They are formed when the first portion^of permanganate has 
been used upland the succeeding portions are *theref©re decolorised 
more rapidly. 

A more striking example is found in the formation of chloric acid fmm 
potassium chloride by adding sodium bisulphite solution. The weakly 
acid bisulphite liberates ^some chloric acid, which is an oxidising agent, 
and oxidises the bisulphite to the more strongly acid sodium^bisulph&te. 
This is then capable of liberating more chloric acid, and so the reaction 
proceeds until the whole mass froths up. 

378. Homogenous Catalysis. — We consider here the catalytic 
action of hydrogen and hydroxyl ions. Hydrogen ions catalyse 
reactions such as the hydrolysis of esters and the inversion of sucrose. 
The velocity of these reactions is directly proportional to the concen- 
tration of hydrogen ion present. Hydroxyl ions have a similar catalytic 
effect, ii^ reactions such as the mutarotation of glucose. It was first 
assumed tMt the hydrogen ion w r as the effective catalyst bjit Arrhenius 
showed that the addition of neutral salt had the effect of increasing 
the catalytic activity. This was observed whether the salt had or had 
not an ion in common with the acid used. It has since been«shown that 
not only hydrogen and hydroxyl ions but also undissociated acids and 
bases and even cations of w^ak b&ses and anions of weak acids can have 
catalytic activity. It is often found that when one acid catalyses a 
reaction all acids in the widest sense catalyse that reaction. This is 
called general acid catalysS. General base catalysis refers to catalysis 
by bases. The influence of tBe hydroxyl ion is usually greater than that 
of the other basic catalytic species. 

Some reactions'* are catalysed by both acids and bases. The term 
specific catalysis refers to certain reactions such as the hydrolysis of 
acetal in which the catalytic effect of hydrogen iffn is very mwch greater 
than thatof any other * 
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Acid catalysis results from the tendency of an acid to lose a proton; 
base catalysis from the tendency of a base to gam a yioton l 
sidering the mechanism of acid or base catalysed reactions the losmg 
or gating of a proton by a catalyst must be involved m any suggested 
mechanism of the reaction. The iodination of acetone may be considered 
The acetone is supposed first to combine with hydrogen 
an enolic substance, which splits off a hydrogen ion and 
becomes the enolic form of acetone. This is unsaturated, and can 
obviously react very readily with iodine. 


-c-ch 3 + i£- 


ch 3 — c — ch 3 
I 

OH 


ch 3 — c = ch 2 -a h+ 

I 

OH 


clear that what is wanted to catalyse this reaction is something that 
can sfipply and remove hydrogen ions, i.e., an acid and a base In 
aqueous solutions of acids it is thought that the water acts as the 

^S^view is' also supported by the work of Lowry on the muta- 
rotation of glucose in non-aqueous solutions, a-glucose itself is insoluble 
in organic liquids, and so tetrametkyl glucose was *sed instead. In 
spvridine, a base, or in cresol, an acid, the rate of mutarotation was very 
much less than in water, but in a mixture of the two solvents the 
mutarotation was much greater than in water. Obviously, then, bo 1 

base and acid were needed. , 

There are two explanations to account for the effect of an added sah 
on catalytic activity. One is that the salt may change the concen- 
tration of catalytically effective ions: the other that the salt increases 
concentration of the electrolyte taking part in the reaction. 
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379. The*Absorption of Light.— Photochemistry is concerned with 
reactions which are accompanied by the absorption or emission of Jjght, 
the term “light” being used in its widest sense to include all radiation. 

When light falls on any body, part of it is reflected, part may be 
transmitted, and part may be absorbed. The principles of energy 
demand that only the absorbed light should be effective in bringing about 
chemical action. This was established by Grotthus on theoretical 
grounds in 181$, and confirmed by Draper in 1839 by'e^qperiment. It is 
usually called the Grotthus-Draper Law . The converse of the Law Is not 
true. All absorbed light does not bring about chemical action. In n^py 
cases light is absorbed without any apparent chemical effect. Thus 
light is strongly absorbed by solutions of potassium permanganate over 
certain spectral Tanges, but no chemical effect is noticed. 4The energy 
thus absorbed is converted mainly into thermal energy. We shall also 1 
discover later that the light causing a reaction need not be absorbed by 
the substance itself, but by another in the vicinity of the substance 
which undergoes change, the absorbing body being itself chemically 
unaffected. This occurs in the phenomenon known as sensitisation 
(§390). 

380* Fresnel’s Reflection Law* — It was shown by the physicist 
Fresnel, that the proportion of the incident monochromatic light 
reflected!)^ a surface perpendicular to the incident beam is given by 


r y»+y ■ 

where I r and I* are the intensities of the reflected and incident light 
respectively, and n is the refractive index of the reflecting medium for 
light of the wavelength used.^ Since n is a constant for constant wave- 

( ' "n‘ - J\2 

«- J may be written as a 

n ~j- 1 / 

constant, K . * * 

The amount of light which penetrates into the medium must be 
- I*. Not alTof this passes right through. Seme is absorbed, and 
only a fraction is therefore transmitted. The proportion of light 
absorbed is given by two laws, the first Lamberts Absorption Law and 
the second Beer’s Law. 
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381. Lambert’s Absorption Law.— Lambert, in 1760, found that 
layers of equal thickness of a homogeneous absorbing medium absorb 
equal proportions of the penetrating radiation. Consider a thin layer of 
the medium of thickness dx. If the light incident upon it is I di an amount 
of light dl d will be absorbed, and according to the Law this is proper- 1 
tional to J d . 



j 

\ 

■ i . : 

t 


On integration this gives 
When /<j — I it x — 6. 


log c I a — ~ KX + c - 

■■■ C = log. J, 




■Hi 


where d is the thickness. 

This is the mathematical expression of the Law. k is called the 
^absorption coefficient”. It is clear that the absorption depends on the 
number of molecules present. In layers of 
equal thickness there will be an equal num- 
ber of molecules, which will absorb equal 
fractions ofj the light. 

« Bunsen, instead of using the absorption 
coefficient, used the extinction coefficient a, 
which is the reciprocal of that layer thick- 
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ness, expressed in centimetres, at which I { has fallen to one-tenth of its 
original value. It is an easy exercise to show that 

a = 04343/c. 


-k l cd 


382. Beer’s Law. — This extension of Lambert's Law was fut 
forward in 1852. The Law states that the degree of absorption of light 
depends on the thickness, d, of the layer traversed, and on the molecular 
concentration in that layer. Thus a layer of gaseous chlorine 20 cm. 
long at a pressure of 04 atmos. should possess the same transmission as 
a 10 cm. Idfyer where the chlorine pressure is 0-2 atmos., a fact demon- 
strated experimentally by von Halban in 1922. The Law can be 
expressed mathematically in the form,, * 

i d *=!#*« 


or, ' I d = I t X no- 
where a = 043434*; 

« 

The constant V is the molecular absorption coefficient, ^whilst a is the 
more frequently us$d molecular extinction coefficient. The latfer is the 
thickness in centimetres of a layer of a molar solution which will reduce 
the intensity of light passing through it to one-tenth of its original value. 
Beer's Law has a number of exceptions. It is "usually found that at 
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high concentrations the substance absorbs more strongly than the 
equation requires. 

The extinction coefficient, a, varies a great deal from substance to 
substance and also with the wavelength of the light used. If white light 
is allowed to fall upon a coloured transparent substance and the trans- 
mitted light is viewed through a spectroscope, it is found that the light is 
absorbed to a much greater extent in certain spectral ranges; so much so, 
in fact, that there is frequently practically no light transmitted at all 
at some wavelengths. These places of great absorption in. the spectrum 
are called absorption bands, and are characteristic of the substances 
giving them. Absorption bands may also occur in the ultra-violet, and 
theit; study is of considerable importance in connection with the elucida- 
tion of atomic and molecular structure (§ 396). 

The nature and position of the absorption bands decide the' colour 
of the substance. A substance like chlorine absorbs chiefly in the blue 
and violet, and so the transmitted light (when white light is incident 
upon it) is a mixture of all the colours from green to red. To«us the 
substance appears yellowish-green. Bromine absorbs considerably 
more towards the red, and the vapour therefore possesses a brownish 
colour. Iodine absorbs strongly in the green, allowingwioJet and blue, 
and also the red end of the spectrum, to come through. Hence the 
vapour appears* to be purple. Fluorine absorbs considerably in the 
ultra-violet and little in the visible, and therefore appear! to us J>al§ 
yellow in colour. 

The absorption spectrum of a compound is closely related to its 
constitution, and, in fact, frequently provides useful information 
concerning it. The absorption spectra of tautomers are frequently 
different from each other. Hantzsch and others have used the method to 
investigate the tautomeric nature of certain organic substances, A 
good example of this is shown in the investigation of the constitution 
of nitric ac^id by von Halban. It is known that nitric acid will behave 
in two ways. When concentrated, it splits off an OJI group and 
furnishes a nitro-group, N0 2 , for example, to a hydrocarbon of the 
aromatic series, such as benzene, which can provide an II atom to 
combine with the OH to form water. - * 

C 6 H 6 + OH . NO* = C 6 H 5 . NO* + H a O. 

Its constitution may here^be represented as 0 H(jST 0 2 ). In dilute 
aqueous solution, however, it splits off a hydrogen ion and forms salts 
with bases. Its structure must then be of the type H(N0 3 ). How nitric 
acid absorbs in the ultra-violet 'and the absorption bands have been 
measured foftho, concentrated and dilute solutions of the acid. The two 
sets of absorption bands, are quite different from each other, and there** 
fore indicate flie existence of two different forms of the acid. As the 
concentrated acid isndiluted, the absorption gradually chafes from the 
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one form to the other, thus showing that there is a tautomeric equili- 
brium between the two forms of the acid at intermediate dilutions. 

The investigation of the infra-red absorption spectra of substances 
is now used as a valuable method of analysis, particularly of organic 
compounds, such as hydrocarbon mixtures. This work has been largely 
developed by H. W. Thompson and his school. The infra-red absorption 
spectrum of nitric acid has indicated that the pure substance is associated 
and contains a hydroxyl group. The association may occur by hydrogen 

i)H ...... Ok 

bonds between two molecules, e.g. } 0 = • /N — 0* 

M3 ..... . HCk 

or in "chains. When the acid is diluted, the intensity of the band due to 
the associated molecule rapidly diminishes and has almost disappeared 
at a concentration of 80 per cent. 

The question of absorption spectra assumes great importance when 
dealing with the structures of organic colouring matters. The theory 
of the Colour of organic compounds has yet to be worked put, but a few 
qualitative rules have been derived as the result of the work of Witt in 
1876, and of Kauffmann in 1907. An organic coloured substance must 
contain one or "more of a certain set of unsaturated* 9 groups, called 
diromophores, of which the chief are 

» O'*-- C, C = 0, C = S, 0 = N, N = N, N = Q, N0 2 , 

and the ortho- and ^ara-quinonoid structures 

liiM and MtMh 

and ”\=/“ 


Compounds containing these only are usually lightly coloured. The intro- 
duction of other groups called auxochromes into the molecule intensifies 
the colour and shifts the absorption bands. Thus the introductioxf of 
OH, NH 2 or CH 3 moves the absorption bands towards the red. Others 
shift the absorption towards the blue, e.g. } CH 3 CO — , and C 6 H 5 CO — . 

The absorption spectrum of a substance may vary with the solvent. 
Some salts have their absorption spectra widely displaced on solution in 
different solvents. This may be due to solvation or deformation of the 
electron shells in various ways owing to the polarisation of the solvents 
used (§402). * 

383. Application of the Quantum Theory. — The laws so far men- 
tioned do not depend for their truth on any hypothesis concerning the 
nature of light; but they do not lead very far, and as soon as we desire 
to find out the nature of a photochemical change fhe 'necessity of 
knowing more of the«aature of the radiation producing it is apparent. 
According to the quantum theory, light is not a continuous radiation; 
it is made up«®f quanta of energy, the amount of energy in each quantum 
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: 

Colour. A 

Upper wave- 
length limit X 
in Angstroms. 

Energy per hv t 
ergs. 

U = Nhv gm.- 
cals. 

Red 

7,500 

2*62 X 10-12 

37,950 

Orange . 

6,500 

3-02 x 10-12 

43,740 

Yellow . 

; 5,900 

3-33 x 10-12 

48,220 

Green. 

| 5,750 

3-42 x 10-12 

49,530 

Blue 

! 4,900 i 

4-01 X 10-12 

58,080 

Violet . 

: 4,550 

4-32 x 10-12 

62,580 

Ultra-violet 

| 3,950 

fV:X. .".'■X: ■ AX-. "■ j 

4-97 x 10-12 

71,990 


In col umn * 4 the amount of energy absorbed by 1 gm.^olecule of a 
substance if one quantum were absorbed by each molecule is tabulated. 
In calculating the above figures, the velocity of light is taken as 3 X 10 10 
cms. per sec., and IV, Avogadro’s Number, as 6*06 X 10 23 . One gm.-cal. 
is equal to 4*184 X 10 7 ergs. 

Since the illuminating «»powe? of a source is measured in candle- 
power, tlie latter being defined as the illuminating power given by a 
standard source, it is useful to know h$w many quanta per second 
correspond to the light ol a standard candle. This will, of course, 
vaiy with the wavelength 8f the -hght used. For this purpose, Gerlach 
found the ai&ount of energy falling on a surface of area I sq. cm. at 
1 metre from a standard lamp, and calculated 1 energy per second* 
associated witff one candle-power. This amount of energy, which came 
out to be 947 ergs jjer sq. cm. per sec., or 22AS X 10~ 6 gm?-cais. per 


being hv, where h is Planck’s constant and v the frequency of the radia- 
tion. Light cannot therefore be absorbed continuously, but only in 
multiples of this quantum. The number of quanta which will be 
absorbed by any given body will depend on the number of molecules 
which can absorb the light (i.e., to the product of c and d, where e is the 
concentration and d the thickness of the layer), and upon the probability 
that the molecules that can absorb will be in a condition to do so. The 
probability term corresponds to the molecular extinction coefficient a 
which, of course, varies greatly from substance to substance. 

Clearly the greater the frequency of the light, i,e. t the smaller the 
wavelength {for wavelength A, and frequency v, are connected by the 
equation v = vA, where v is the velocity), the greater will be the energy 
associated with the quantum. It is for this reason that ultra-violet light 
is specially active in bringing about photochemical changes. Table 
CIV gives (and Fig. 223 plots) amounts of energy associated with the 
quanta of radiations of various frequencies. 


n 3 

TablY CIV. — Energy corresponding to various 
Wavelengths of Light 
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sq. cm. per sec,, is called the “energy candle-power”. The number of J 
quanta per second, of light of any wavelength comprised in one energy 
candle-power can be found, since the energy of one quantum is hv. 

384. Consequences o! the Absorption of Light.— When light is 1 
absorbed by a system, one or more of several phenomena may occur. c 
The absorption of light means the absorption of energy, and hence the 
primary effect in all photo-processes is either an increase in the thermal 
energy of the- system or a raising of the electrons in the atoms or 
molecules composing the system to higher energy levels (a process 
known as activation, or electronic excitation). The first of these possi- 
bilities is not of great importance when the effects of visible light are 
being* considered. Here it is the second effect which is predominant, t 



ultra-violet 


visi ble 


f 7 & 9 . 10 

x-10* 3 ' , . 

Fig. 223. — Connection between Wavelength and Energy of Quantum. 


Photo-processes may be considered under two heads; (a) photo- 
physical processes; (b) photochemical processes. All photo-processes 
which do noi^involve chemical change belong to the first class. When 
light is absorbed by a body, if it has sufficient energy it will be able to 
raise certain electrons of the atoms, not only through one or two energy 
levels, but Cb eject them completely, thus ionising the atoms. This 
effect is known as the photo-electric effect (§ 386). If the light absorbed is 
not sufficiently energetic to remove an -electron completely it will raise 
it to a higher energy level, from which it may return to its normal state, 
either directly or in steps, *with emission of energy in the form of 
light, . 9 

This re-emission may he either instantaneous { fluorescence ) or after a 
time lag ( phosphorescence }. The energy may, however, be atoreddby the 
&tom and used for bringing about chemical Reactions ( photochemical 
reactions ), the fluorescence or phosphorescence effects” being absent. 
These facts Ihay be summarised as follows: , t 


! 


PHOTO-ELECTRIC CELLS 

Atom -f- light energy 


mi 




Electrons transferred to 
higher energy levels , 



Ionised atom -f electron (removed 
completely) — photo-electric effect. 



Revert to normal 
state instantaneously 
— fluorescence . 


\ 

Revert to normal state 
after time lag — 
phosphorescence. 


Revert to normal state 
after causing or 
entering into chemical 
action—' 

photochemical reaction. 


885. Photophysica! Change* — We may include under this heading 
such phenomena as the photo-electric effect, fluorescence, and phos- 
phorescence. Although not strictly chemical phenomena, the chemist 
must have some knowledge of them, and reference to them here Is 
therefore not out of place. 

In dealing with the effects produced by light absorption^ is well to 
realise that whilst the primary effects may be simple, yet these are 
frequently masked by the occurrence of secondary changes, often of a 
much more complicated nature. Hence it is that many of the simple 
laws underlying photochemical and photophysical processes are com- 
pletely masked, and are therefore difficult to verify. The same behaviour 
has already been noted in connection with orders of reaction. Whilst 
we know the simple laws which underlie uni-, bi- and termolecular 
reactions, iye find it difficult to point to many reactions which obey these 
laws. Thus, only a dozen or so reactions out of the hundreds tested 
obey strictly the bimolecular law. All the rest are complicated by secon- 
dary reactions. 

886. Photo-electric Cells* — Light has a peculiar effect to the alkali 
metals. It was discovered by Hallwachs as far back as 1888 that when 
light (an4 particularly ultra-videt light) is allowed to fall on an alkali 
metal, electrons are given off from the surface of the metal He did not 
state Ids observations in tl^ese terms, but that is what actually happens. 
A type of photo-electric cell is represented in diagrammatic form in 
Fig. 224. The evacuated glass vessel, g , has a mirror of potassium (or 
some other alkali metal) on one side of its interior. The vessel is also 
provided with a platinum wire ring. The connections are made through* 
the glass as in the diagram, a sensitive galvanometer and a battery being 
connected in the circuit. On exposing the cell ro light, a current flows 


:■# 
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hrough the circuit owing to the passage of electrons from the alkali 
metal to the ring, and it is found that (under suitable conditions) 1 the 
strength of the current is proportional to the intensity of the light. _ 
Of course, photo-electric cells have been greatly improved since their 
inception, but the principle upon which they work is shown by this 
simple type. It has been found that the quantum theory provides a 
very satisfactory explanation of the effect. Millikan working with a 
lithium cell, found the e.m.f. it was necessary to apply to oppose the 
photo-electric current and reduce it to zero. He determined this voltage 
for light of various wavelengths, and it was found that when the hunting 
voltage was plotted against the frequency of the light, a straight hue 
graph was obtained pig. 225). If it is assumed that one quantum of 

Layer of Ring 

Met!-# I \ . Light 


.Galvanometer 


# Battery 

Fig. 224.-— Photo-electric Cell (diagrammatic). 

light liberates one electron, the energy with which the electron is 
emitted, Ve, must he equal to the energy of the quantum, hv. 


where V is the potential under which the electrons are emitted and e is 
the charge on the electron. In making this equality we have niade the 
assumption that no work is done by the electron in escaping from the 
surface of the metal (“Austrittsarbeit”) ; In general, this amount must 
be taken into consideration. Let us call it /?. Then 


The values of A and of jS can be found from the curve drawn in Fig. 210. 
Taking, for example, the point A where the opposing potential is zero 
and v is 94 X 10 13 , and B, where the opposing potential is 0-8 volts and 
v is 113-0 X 10 13 , we have the following equations: 

0 = h X 94 X 10 13 -- jS 
0-8 X 4-77 X 10- 10 =h X 113-0 X 10 13 - & 

1 The current strength is only proportional to the light intensity under special 
circumstances: (a) The cell must be evacuated (not a so-called gas-filled cell). 
(i>) The applied voltage must be high enough to ensure that the current is saturated, 
1 that eoCitted electrons are caught by the ring. 
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Subtracting the first equation from the second and dividing by 300 to 
bring the volts into electrostatic units we have 

h - 0'S X 4-77 X 10-“ = 6 . 69 

(113-0 - 94-0) X 10“ X 300 

This agrees very well with the actual value of the Planck constant 
derived by many other methods (6*548 X I0“ 27 erg-seconds), $ can be 
derived similarly, and comes out to be 6*2 X 10~ 12 erg. 

What happens in the photo-electric process is that ionisation is 
produced by the absorption of energy. By the absorption of one 
quantum the valency electron is completely removed from the atom. 

When certain substances are illuminated, it is found that* their 
electrical conductivity is increased. This was first discovered for the 
element selenium, and the effect was made use of in the selenium cell. 
But selenium is not the only element that shows the effect, and many 


Opposing 

Potential 

Volts. 


Fig. 225. — Millikan’s Curve for Photo-electric Potential against 
frequency for a Lithium Cell. 

crystalline substances [all with a refractive index over 2, and therefore 
with high electronic deformation (§ 400)] also come into this class. The 
theory of photo-conduction has not been fully worked out. Probably 
what happens is that by the action of light electrons are loosened in the 
space lattice, and on application of a field are capable of migrating 
through the substance to the electrodes, just as the electrons in a metal 
(§ 315). ihe experiments of Gudden and Pohl show £hat for every 
quantum absorbed, one electron is set free. 

The commercial application of photo-electric cells is most important 
and interesting, but there is no space to deal with it fibre in detail. 
Talking pictures are made possible entirely by the photfo-eieetric effect. 
The operation of electrical apparatus by light rays at a distance, as in 
burglar alarms, etc,, makes' use of photo-electric cells. The discovery 
of these phenomena ranks next in importance to that of the wireless 
valve from the point of view of practical application. 

387. Fluorescence. — Fluorescence may be regarded as a secondary 
effect ^onse<fuei$ upon the primary process of absorption of a quantum 
of light by an atom or gaolecule. In fluorescence? light is absorbed at a 
certain wavelength and emitted at a greater wavelength. This fact was 
discovered by Stok^ in 1852. There are but few exceptions tt> this law. 
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and they can be readily explained (see below). Fluorescein and eosin 
are stock examples of fluorescent substances, but the phenomenon is 
shown by a very large number of compounds (including inorganic 
compounds, such as uranyl sulphate U0 2 . S0 4 ) and frequently also in 
the ultra-violet, so that the fluorescence is invisible. What happens in 
this process? The molecule absorbs a quantum of energy hv. This 
quantity is sufficient to raise an electron to a higher energy level, but not 
to eject it completely. The electron returns to its original level by steps, 
going through intermediate orbits. Since these jumps are none of them 
of such great energy value as the original jump, the wavelength of the 
emitted light must be greater than that of the absorbed light. 

A very interesting ease of fluorescence which explains the few excep- 
tions to Stokes’ rule was discovered by Franck and Cario in 1923. 
Mercury vapour absorbs light of wavelength 2536 A., but is not ionised 
by it. The vapour merely <£ glow r s” with that light— the light is emitted 
at the same wavelength as that at which it was absorbed. This process 
is called “resonance”, -and is analogous to acoustical resonance. If 
mercury vapour is mixed with the vapours of silver, lead, sodium or 
thallium, and is then irradiated with light of wavelength 2536 A., the 
vapours of the foreign metals fluoresce. Franck called this “sensitised 
fluorescence”. He showed that when a quantum is absorbed it merely 
~ adds itself to the energy already present in the molecrole as thermal 
energy, and enables electrons to be raised to higher energy levels than 
would be possible with the quantum alone. Thus, we can, in a few cases, 
induce fluorescence of shorter wavelength than that of the absorbed 
light, since the energy emitted is not only that of the absorbed quantum, 
but also that inherent in the system before the absorption. 

388. Phosphorescence. — Fluorescence is instantaneous. As soon as 
the light is absorbed, fluorescence commences, and, as soon as it is cut 
off, the fluorescence ceases. When we say instantaneous, we mean that 
the time interval between the two events is not greater thax* 16~ 8 sec. 
In the case <sf phosphorescence a substance, after absorbing light, 
continues to emit light of another wavelength for some time afterwards. 
Numerous phosphors can now be made by preparing intimate mixtures 
of sulphides of the alkaline earth metals with about 2*5 per cent, of 
alkali chloride, and a trace of the sulphide of a heavy metal. Phos- 
phorescence is best looked upon as slow fluorescence. It is foun$ mainly 
in solids, as might be expected owing to the greater difficulty of motion. 
It is found that if fluorescent Substances are .fixed by fusion with, say, 
boric acid and cooling, the masses thus formed phosphoresce. 

389. Photochemical Reactions. — It has already been stated (§ 384) 

that when light is absorbed by an atom or molecule theprimary change 
is the formation of an excited atom or particle: - m 

$ 
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where A* represents excited A. This is to be regarded as the primary 
process in all cases, whether photophysical pr photochemical. 

As regards primary chemical changes, Einstein assumes, in accordance 
with the above, that each molecule entering into reaction has to he excited 
by the absorption of one quantum of radiation. This is known as the law 
of the photochemical equivalent . It is necessary to emphasise once again 
that it applies only to the primary process, and that, in general, secon- 
dary processes take place quite independent of the light reaction, and 
may completely mask the energy change of the primary process. The 
quantum efficiency, y , of a reaction is the number of molecules actually 
decomposed per quantum of radiation absorbed. It is sometimes^called 
th ^photochemical yield. 

A very great number of photochemical reactions have been studied, 
and most books on the subject are more or less a collection of the facts 
with little attempt at systematisation, for it is exceedingly difficult to 
embrace the many facts in one system. We may, however, classify photo- 
chemical reactions roughly into the following classes Rafter Eggert): — 


I. Dissociation. The m; 
of photochemical cl 

XV* — * X + Y 


IL Double Decomposition 

XY*+Z — > XZ + Y 


UL Isomeric Chan ge 


Primary Process 
X Y+ hu * X Y * 


12. (a) Addition 

XY*+Z — J-XYZ 

(b) Poly merisation 

XY*+XY — »X 2 Y 2 

(c) Chain Reactions 


\ T. F hobo-Sensifchafcion 

XY* + Z «XY + Z* * 

z*cart undergo changers I-IF 
-Plfctoehemical Processes. 


Examples of these varices classes will be taken. The velocity of any 
chemical reaction is the spead at w£hieh the slowest stage of it takes place. 
Now in all gpbability the excitation of the atom or molecule by the 
absorption of a quantum is the most rapid part, §>r it has been showi? 
that the time iaken for*excitation, if the quanta are available, is less 
than 10~ 9 second. The speed of the reaction will therefore fee dependent 
largely upon the subsequent chemical reactions. 
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390. Examples of Photochemical Reaction. — The mechanisms of 
many photochemical reactions are still controversial or not understood. 
We will, however, consider a number of examples, and starting with de- 
composition of hydrogen iodide in the gaseous phase. The quantum 
efficiency of this reaction is 2, and the reaction is brought about by 
light of any wavelength less than 4,000 A. It is known from studies 
of molecular spectra that when a molecule of hydrogen iodide absorbs 
light of wavelength less than 4,000 A the molecule dissociates into ah 
atom of hydrogen and an atom of iodine; the latter is in an excited 
state. The primary process of the reaction is therefore 

* ■ ; : <» i; ' x hv : 

The possible secondary processes that follow this are: 


HI+H~>H 2 

h + h->-h 2 

I + I~> I 2 
I rj~ H — >• HI 


H a I 



Not all these processes are important. The reactions. (3) and (5) are 
highly exothermic with the result that the products in both cases have 
such high energies that they will immediately dissociate unless the 
reaction has taken place in the presence of a third atom. Such three 
body collisions are, however, unlikely. Reaction (2) is an endothermic 
process and therefore takes place slowly. The elimination of these 
three reactions leaves reactions (I) and (4) as the likely secondary 
processes. The decomposition of hydrogen iodide can now be written 
as consisting of a primary and two secondary processes. 


** HI — H -j~ I 

hi + h-> h 2 + i 

# x i — 

Adding these three equations gives the overall reaction as: 


2HI~>H 2 + I 2 

Thus the absorption of one* quanta of radiation leads to the decom- 
position of two hydrogen iodide molecufes. This agrees with the 
measured quantum efficiency. 

«* An example of a photochemical reaction with low quantum efficiency 
is the formation of hydrogen bromide from hydrogen and bromine. 


t 


t 
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The quantum efficiency of this reaction is about -02. The primary 
process is: 

hv 


Br 2 2Rr 


the possible secondary processes are: 

# 

Rr + Br —>■ Br 2 

• . (i) 

Br + H 2 —> HBr + H 

• • (2) 

# H + Br 2 — > HBr -p Br 

• • (3) 

H -f HBr — > H 2 + Br 

• ' • (4) 


Reaction (2) is endothermic and does not tend to take place. Reactions 
(3) and (4) depend on the formation of hydrogen atoms in reaction (2) 
and consequently are very slow. So reaction (1) (although it is a three 
body type reaction) is the most likely secondary reaction. This is a 
reversal of the primary process; so most of the bromine atoms formed 
in the primary process do not lead to the formation of hydrogen 
bromide (through reactions (2) and (3)); rather do they recombine. The 
result is that the quantum yield is very small. 

The photochemical formation of hydrogen chloride provides a 
complete contrast to this last example. Hydrogen and chlorine react 
in the presence of light to give hydrogen chloride. 3£he quantum * 
efficiency is extremely high being between 10 4 and 10 s . The reaction 
is explosive in the presence of intense light. The accepted mechanism 

hv 

for this reaction is that the primary process is Ci 2 — > 2C1 with the 
following secondary reactions: 

0I+01~>C1 2 • « 

C1 + H 2 ->HC1+H .... (2) 

* # H + C1 2 ->HC1 + C1 .... (3) 

The reactions here are analogous to the secondary processes in the 
formation of hydrogen bromide. In the present example, however, 
reactions. (2) and (3) take place very easily. The chlorine atom formed 
in (3) reacts with a further hydrogen molecule to give a repetition of 
reaction ( 2 ), while the hydrogen atom from reaction ( 5 ) reacts with a 
further jhlorxne molecule to give a repetition of reaction (3). The 
formation of hydrogen ehlonde is therefore a chain reaction (§ 215) and 
this explains the high quantum efficiency. The chain is only broken t 
by reaction (1); this is a thjee body process which takes place when two 
chlorine atoms collide on the will of the reaction vessel The chains 
m&f also b£ brpken by the presence in the reaction vessel of small 
traces of oxygen. Oxygen leads to chain termination by the reaction 
H+0 2 ->H0 2 • m m 

(this radical reacts to form products that do not propagate the chain), 





• • t ^ * 'JiM 
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and by the reaction Cl -f* 0 2 + HC1 — > H0 2 -f- Cl 2 . Examples of other 
types of photochemical reactions are: 

(1) Double Decomposition . — The action of bromine on hexahydro- 
benzene, C € H 12 , when illuminated by light of wavelength 4760 A., gives 
mono-bromhexahydrobensene and hydrogen bromide. 

C 6 H 12 + Br 2 = C 6 H xl Br + HBr. 

The reaction was investigated by Nemst and Pusch, who found y — IT, 
and by Noddack, using light of wavelength 4690 A., who found y = 1*0. 

The photochemical hydrolysis of monochloracetic acid is another 
example of such a reaction, 

CH 2 C! . COOH + H 2 0 = CH 2 OH . COOH + HC1. 

(2) Isomeric Transformation . — This was investigated by Warburg 
in 1912 with the conversion of maleic into fumaric acid and the reverse 
reaction, by exposing their aqueous solutions to light of wavelength 
2070 At, 2530 A. and 2820 A. 

H.C. COOH H.C. COOH * 


a . C . COOH COOH . C . H 


H.C. COOH 


H.C. COOH 


HOOC . C . H H.C. COOH 

It was found that in the formation of fumaric from maleic acid 0*03 
molecule was transformed per quantum, for light of wavelength 
2070 A., whilst in the reverse process it was 0*11. 

It is clear that as both the forward and the reverse reactions are 
brought about by the absorption of light, a state of equilibrium will 
ultimately be reached, when as much fumaric is converted into majeic 
acid, as the reverse. Such an equilibrium is called a u photostationary 
state”. The position of the equilibrium can be calculated from a know- 
ledge of the quantum efficiencies of the forward and the reverse reactions. 
In this case the equilibrium mixture is found to contain approximately 
75 per cent, of maleic acid. The low quantum yields in this photo- 
chemical reaction have been explainedjby Y£arburg by supposing that 
the primary action of the light is to separate the molecules'into two 
portions which can then re-unite. Some of them combine to give the 
isomer, whilst others give the original molecule again. The probability 
of the latter process is supposed to be^considerably greater than that of 
the former. 

r (3) Polymerisaiionr-^ special case of addition. This is illustrated 
by the polymerisation of anthracene C U H 10 , Co diantimcene, C 28 H 20 , 
In solution (benzene, tduene and xylene have been used as solvents). 
This reaction was investigated by Luther and WeigSrt (1905), who found 
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that the polymerisation was reversed in the dark, the dianthracene 
depolymerising to form anthracene. This reaction goes practically to 
completion in the dark. 

light 

2C 14 H 10 C 2 gH 20 

. dark 

The' depolymerisation is a thermal reaction. When a solution of 
anthracene in benzene is illuminated both reactions will go on until the 
rates of the reactions become equal and a photostationary state is 
reached. The value of the quantum efficiency for the reaction given 
by Weigert is -48 when the wavelength of light used was 3,660 A. 

(4) Sensitisation , — As in the case of sensitised fluorescence, the 
substance which undergoes change in a photochemical process need not 
necessarily be the absorbing molecule. There may be present something 
else which does not undergo change, but merely absorbs the energy, and 
then hands it on to the substances that will react. This process is called 
photo-sensitisation , and is of very great importance. 

On© of the most important photochemical processes is that which 
goes on in nature every day, viz,, the building up of carbohydrates in 
plants from carbon dioxide and water in the presence of lights # The 
reaction expressing the change is 

t %CO z + yH % 0 = 0* (H 2 0) y + xO z , 

It was at first assumed that formaldehyde was the original 
C0 2 + H 2 0 = HCHO + 0 2 , 

and that this polymerised to carbohydrates. This reaction can be brought 
about on the laboratory scale, but only very small quantities of carbo- 
hydrates are produced. It has been claimed that the production of 
formaldehyde from carbon dioxide and water under the influence of 
ultra-violet light has been demonstrated; but even if this can be done in 
the laboratory, it is quite uncertain whether this can he the mechanism 
of the faction in the case of plants, as formaldehyde is a plant poison. 

Carbon dioxide and water absorb only in the ultra-violet, as they are 
colourless. It is thought that their photochemical combination is photo- 
sensitised by chlorophyll, the green colouring matter of plants. This 
substance absorbs in the visible, and appears to be able to hand on the 
energy thus gained to the carbon dioxide and water molecules, causing 
them tc^ combine even iif the Absence of ultra-violet light. This is the 
simplest explanation of the reaction of which the mechanism is not 
definitely known. Many jaore complicated explanations have been put 
forward, in which the chlqjophyll plays a definite chemical part. 

Another extremely important process based on photo-sensitisation 
is tlie*use ofthe*cyanine dyes in the manufacture of photographic plates. 
An ordinary ghotograpMc plate is much more sensitive to light of short 
wavelength than to light of longer wavelength (e,g,, the red). It is 
found, however, that if a small quantity of a special dyl itiiff is incor- 
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porated with the halides in the making of the emulsion, there is a much 
more even spectral sensitivity. This is due to the fact that the dyestuff 
absorbs light much more regularly over the visible spectrum than does 
the balide mixture alone, and it is able to hand on the energy thus 
gained to the halides and reduce them just as if they themselves had 
absorbed the light. These plates, which are considerably more sensitive 
over the whole spectrum range, are called “panchromatic” plates. They 
are sensitive even to the red light that is used in dark rooms, and so 
must be worked in complete darkness. 

891. The Photochemical Action of X-rays. — Strictly sneaking, we 
should include in the subject of photochemistry the photochemical 
effect^ of X-rays. The^natter is here, however, considerably complicated 
by tbe fact that when X-rays strike any body they give rise to secondary 
radiations which are themselves photochemically active. The com- 
monest reaction in which X-rays are involved is the photochemical 
reduction of the silver halides in the photography of X-ray pictures. 
Many other reactions have also been investigated, and tbe pse of X-rays 
in medicine (radio-therapy) is based on the biochemical reactions 
induced by them. ■ v 

3§2. Radiation Chemistry. — Radiation chemistry hsfe been defined 
by Dainfcon as the study of chemical effects caused by the absorption 
» of th$ various types of rays emitted in radio-active transformations, or 
X-rays; that is the study of chemical changes brought about by 
a, jS, y or X-rays. The subject is similar to photochemistry in that there 
are two processes; a primary process involving the absorption of radia- 
tion and a secondary process involving the reaction of the primary 
products of radiation. 

Radiation chemistry differs from photochemistry in that the absorp- 
tion processes are much more complicated. In photochemistry only 
radiation of definite wavelengths are absorbed and in solution reactions 
the radiation is absorbed by the solute only. With radio-active radiations, 
radiation of aSi energies may be absorbed by both solvent and solute. 

It is believed that the most important products produced in the 
primary reasons are radicals and atoms rather than ions. Most 
mechanisms suggested for radiation reactions involve the presence of 
these uncharged substances. 

An example of a reaction induced by radiation is the oxidation of 
ferrous sulphate in aqueous solution by means of y rays and X-rays. 

> The effect of the radiation on water is to bueak it down to hydrogen 
atoms and hydroxyl radicals. If oxygen k absent hydrogen atoms 
combine to form hydrogen molecules; in the presence of r oxygen the 
reaction - * r 

H+0 2 = H0 2 

takes place. This is followed by the reaction * 
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Fe + + -j- H0 2 = Fe + + + 4 - H0 2 ~ 

Further the OH radicals produced in the primary reaction, cause a 
direct oxidation of the ferrous ion; 

OH-j- Fe + + = OH- + Fe + + + 

Radiations may also lead to the reduction of ferric ion. 

The hydroxyl radicals produced by radiation from water can be 
utilised in hydroxylation reactions. Thus the irradiation with X-rays of 
a solution &f nitrobenzene leads to the production of o-, m- and p-nitro- 
phenols. Hydroxyl derivatives of benzoic acid may be produced 
similarly. Other reactions induced by radiation Ire the polymerisations 
of substances such as vinyl chloride and styrene. For details of such 
work the reader is referred to articles in the Annual Reports on the 
Progress of Chemistry for 1948 and the succeeding years. 

393. The Effect oi Ultrasonic Waves on Chemical Reactions.— 
Richards apd Loomis have shown that chefnic&l Reaction* may be 
accelerated by sound waves of very high frequency (considerably 
above the highest audible frequency). This radiation is called super- 
sonic (or ultrasonic) radiation. Sound waves, unlik e light waves, are 
made up of a series of rarefactions and compressions in a material 
medium. Wh&n these waves fall on a molecule the effect^will be sjjimilaito 
to an increase in temperature. Sound waves are capable of causing She 
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phosphorus. This is the reverse process to a photochemical reaction. 
The light is given out instead of being absorbed. Trautz has collected a 
list of a number of these changes. 

In certain biological reactions light is emitted. The glow of the glow- 
worm is a case in point. 

Of reactions which can be carried out in the laboratory, the most 
spectacular is the oxidation in alkaline solution of orZfto-aminophthalic 
cyclic hydrazide. This substance is a pale yellow crystalline powder, and 
has the formula 


When the hydrazide is dissolved in caustic soda and a little hydrogen 
perosMe is added** and the liquid dropped from a dropping funnel into 
an alkaline solution of potassium ferricyanide, as each drop enters the 
ferricyanide a bright greenish glow is produced. If sodiuiji hypochlorite 
Is # sutetituted*for the potassium ferricyanide, the glow is bluish. The 
chemical changes are complex, but the final product is ortho- amlno- 
phthalic acid, 


— COOH 


COOH 


Another reaction in which a more feeble glow is emitted is the 
precipitation of strontium sulphate. A solution of strontium chloride is 
made, and dilute sulphuric acid is added to it in a dark room. * 

The most highly luminescent reaction that has yet been observed is 
the oxidation of the unsaturated silicon compound, silical hydroxide, 
S£ 2 0 2 H 2> by means of permanganate! Jhis was investigated by 
Kautsky in 1925, who states that the surface luminosity is equivalent 
to that of a white surface illuminated at a distance of 1*5 metres by a 
32 candle-power lamp. In any case, however, the amount of energy 
liberated in the form of light is very small when regard is had to the 
amount of substance used. ■ * r 

The light emission from the fire-fly appears tfo be the most efficient, 
fts judged by eye, because it has a maximum intensity at a wavelength 
of 5700 A, at which the eye is most sensitive. * 
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THE STRUCTURE OF MOLECULES 


395, The Nature oi the Problem. — There are two factors about a 
molecule that are required when we set out to find the structure of the 
molecuje. They are (l) # the actual size of the molecule, i.e., the distances 
apart of its constituent atoms, and (2) the arrangement of these atcfrns 
in the molecule. A good deal of information is now available concerning 
these questions, at any rate, for the simpler molecules. 

When we speak of the distance between two atoms in the molecule, 
we are §pt to convey the idea that the atom is a solid ball, as was 
postulated by Dalton. It is now known, of course, that atoms are 
assemblages of electrons, protons, and neutrons (§§ 35, 36). How, then, 
can we speak of the distance between two atoms when the “size” of the 
atom cannot be defined? It is usual to take the length oT a link as the 
distance between the nuclei of the two linked atoms. We shall then 
*deal kot with the true radius of the atom, but with its “effective” 

4b 

radius, the fraction of the length of the link appropriated by each atom. 


A. SPECTROSCOPIC METHODS 


396. Molecular Spectra. — Information regarding the lengths of 
linkages may be obtained from a study of spectra. 

The general nature of spectra has already been outlined {§ 57). Line 
spectra are due to energy transitions in atoms, and are comparatively 
simple. They nave been considered already (Chapter HI.), An atom 
cannot emit a band spectrum: this type of spectrum is entirely charac- 
teristic of molecules. 

A spectrum band consists of a large number of lines which crowd 
together towards the “head” of the band. There are usually several 
groups of these bands in a typical band spectrum. The analysis of such 
a spectrum is a matter of sojne complexity, and at present it is only 
possible to calculate structures with any degree of certainty from the 
spectra of gases or vapours. r 

The excitation of the molecular spectrum is a rather mororcomplieated 
flatter than would appear at first sight. The very production of the 
spectrum by passing a discharge through the suhstance^results in the 
disintegration' of the molecule. Consequently, many of the spectra 
examined have been those of molecules w r hich can Cave no separate and 

664 , ' 
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continued existence in the laboratory, such as HO, NH and CH, but 
which have been formed by disintegration of some more complex 
molecule. 

In an atom, the absorption of energy can only result in the transition 
of an electron from an orbit of low energy to one of higher energy. The 
reverse of this process gives rise to a line in the emission spectrum. In a 
molecule, there are two further types of energy change: (1) changes in 
the energy of rotation of the molecule as a whole, and (2) changes in the 
energy of vibration of the constituent atomic nuclei relative to one 
another. All three energy changes are quantised. In general, a line in a 
band spectrum will be conditioned by all three types, the frequency of 
the* line being determined by the algebraic sum of the three energy 
changes, but spectra due to molecular transitions of rotational energy 
alone, or of rotational and vibrational energy without electronic transi- 
tion are capable of existence, and have been observed. 

Considering the rotation spectrum alone, it is^to be noted that owing 
to the quantisation of rotation, the rotation cannot be increased by any 
arbitrary amount. If the system is rotating, and not emitting, the 
angular momentum must be a multiple of hj 2tt, where h is Planck’s 
constant. Eor*a rigid diatomic molecule it can be shown mathematically 
that the frequency, v, of the lines of the spectrum due to purely rota- 
tional transitions is given by * * 
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each other, owing to the different masses of the constituent elements. 
Such isotopic displacements have been observed, not only in the rota- 
tion spectra, but also in the rotation- vibration spectra, in which the 
factor I again appears. 

The rotation. vibration spectrum is more easily studied, because it 
lies mainly in the near infra-red, i.e. s the part of the infra-red nearest the 
visible. If a molecule is regarded as a simple harmonic oscillator, its 
energy is restricted by quantum considerations to integral multiples of 
an energy unit, say ftv 0 . A pure vibration spectrum is not found, but 
there are superimposed upon it frequencies due to changes of rotation 
energy. In deriving t]ie frequency of a line, the algebraic sum of the 
energies must be used. If the frequency of the lines is represented^ 
' v, then ; v . 

: Energy change due to vibrational changes ± energy change due 
to rotational changes. 

mh % » 




: A$vib ± 


or v 


AM 

h 


■ vib 


4tt 2 / 

mh. 

4zir 2 I 


where A the change of vibrational energy and m is an integer, 
"The matter is not, however, quite so simple as this, since, if the 
vibrational or rotational energy changes, the mean distance between the 
atomic centres may change, and so must the moment of inertia, I, 

Rotation- vibration spectra of polyatomic molecules are very com- 
plex. Diatomic molecules with unharmonic binding give bands corre- 
sponding to vibrational transitions from n = 0 to n = 1, 2, 3, etc., n 
being the vibrational quantum number. Each band has a fine structure 
due to rotation. Erom observations of this fine structure, values of I 
can be deduced for the non-vibrating molecule and also for thd vibrating 
molecule. From I, the nuclear separation can, of course, be obtained; 
r increases, as would be expected, as the vibrational energy increases 
(i.6., as n increases). 

If a molecule h more complex than diatomic, it wall possess more than 
one moment of inertia, and by observing the fine structure of the rota- 
tion-vibration spectrum the values of these moments can be deduced. 
A linear molecule can be readily differentiated from a triangular one by 
observing the different moments of inertia. It ft also possible to calculate 
the angles between the bonds. ^ r 

If electronic changes occur in the molecule, the energy changes due 
to these must be superimposed upon the vibrational and rotational 
energy. This makes the spectrum very complex" indeed, especially when 
it is remembered that the moment of inertia of the molecule will be 
seriously affected by changes in electronic structure." 
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' 897. Raman Spectra. — If a beam of monochromatic light is passed 
through a transparent substance, some of the light is scattered by the 
molecules in the medium. If this scattered light is examined by means 
of a spectrometer, it is found that the spectrum is made up of tife lines 
of the original radiation together with a series of lines on either side of 
them. When the separations of these lines from the line of unchanged 
frequency are measured, it is found that they correspond to frequencies 
lying in the infra-red and represent changes in the energy of rotation or 
vibration. The explanation is that some of the light, on being scattered 
by the molecules of the medium, picks up or loses one or more quanta of 
the vibrational or rotational levels. It is thus possible (as it were) to 
bring the infra-red spectrum into the visible. This phenomenon was 
predicted by A. Smekal (1923), and was first observed by Sir C. V. 
Raman (1928). 

A great deal of experimental work has been done on the Raman 
spectra of molecules, which has given valuable information concerning 
structure. At present, detailed results can only’ be claimed for the 
simpler types of molecules. As a result of spectroscopic observations it 
is known that H 2 0, H 2 S, C10 2 and S0 2 are triangular^ NH 3 is pyramidal, 
and COCl 2 > StCl 2 , S0C1 2 and CH 2 0 are probably Y-shaped. 


B. X-RAY AND ELECTRON BEAM METHODS * ^ * 

398. Application of X-ray Methods.— It has already been shown 
how X-ray interference methods enable the structure of crystals to b© 
deduced. Debye (1929) found that gases and vapours, and also liquids, 
gave X-ray interference patterns when a technique similar to the powder 
technique (§ 135) is used. A beam of X-rays, limited by slits, is passed* 

* through a vessel through which the gas is flowing, and the interference 
pattern is obtained on a photographic plate. In the case of a liquid, the 
results are difficult to interpret, as it is not known whether the scattering 
is due to atoms in the same molecule or in neighbourm^molecules. In a 
gas, however, the separation between the molecules is much greater 
than tl?e nuclear separation of the atoms in the individual molecules, 
and*the method can, therefore, be used to find this qpclear separation. 

It is known that the scattering is not due to the nuclei themselves, but * 
to the -orbital electrons * s<^ the distances measured are not the same as 
those obtained by infra-red spectroscopy. The “centre” of the atom 
indicated by X-ray interference is the @ mean centre of the electronic^ 
orbits and not the nucleus. % 

• JS99. I^pctrou-Beam Interference Method.— In dealing with the struc- 
ture* of crystals, it was mentioned that a beam of electrons cou!d*be 
substituted Jor X-ra^s in obtaining the interference patterns. This 
method has been applied to gases and vapours by Wierl (1930), the 
results agreeing v%r y well with those obtained by the X-ray method, 
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though probably the latter is the more accurate. The Wierl method has 
numerous advantages over the X-ray method as regards technique. 
Since the number of scattering particles is much less in a gas than in a 
solid, the exposures required in the X-ray method are very long. When 
first used by Debye, the method required an exposure of twenty-four 
hours, though this has now been reduced to four to five hours. The 
electron beam is considerably more intense than the X-ray beam 
(electrons of 40 kw. energy were used by Wierl), so that the exposure in 
WierFs method need only be one-fifth of a second. Also, it would be 
impossible to use the X-ray method under reduced pressure, as the 
number of particles would be even smaller than under atmospheric 
pressure, and the exposure correspondingly longer. The vapours *of 
liquids which boil under atmospheric pressure with decomposition 
could not therefore be investigated by the X-ray method, whereas 
results could be obtained by the electron-beam method at reduced 
pressure. 

; W . ■ , * 

C. DIPOLE MOMENTS OF MOLECULES 

400. The Dielectric Constant.— A study of the dielectric constants 
jpf substances Jias recently given us a great deal of insight into the 
structure of molecules. It also helps us to understand the process of 
ionisation, and there is no doubt that it Is one of the most important 
constants characterising matter. 

It may be necessary to explain what the dielectric constant is. 

If we have two electric charges, e, separated by a distance r in a 
* vacuum, then the force between them will be given by 

F = e 2 /r 2 . 

This force will be one of repulsion if the two charges are of the same sign, 
and one of attraction if they are opposite in sign* 

This law holds only in a vacuum. If we study the force between two 
charges in any other medium, say air or water, then 

n F = e 2 /€f 2 * 

where * is a constant pertaining to the*m§dium, called the Meleciric 
constant. .. ’ , . : . 

^ The dielectric constant for air is nearly 1 , mnd so the law of force 
between point charges is almost the sajne h>air as in a vacuum. In 
many media, however, the dielectric constant is considerate, and tjpfe 
force is corresponding] v reduced. The values of some dielectric constants 
are given in Table GY. The data for some liquids aie also to be 
found in Table LII. * 

A system composed of two charged parallel plat^k is called a “con- 
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Table CV. — Dielectbio Constants 


and has a certain capacity in a vacuum, given by the equation 


denser 5 


where G is the capacity, Q is the charge and V the potential. If the 
medium between the plates has a dielectric constant e, then the capacity’* 
is given by * 


This provides a useful method of determining the dielectric constant 
of any medium. 

It was discovered by Clerk-Maxwell, in his work on the electro- 
magnetic theory of light, that the dielectric constant of a medium, as 
determined by the above static method, is intimately connected with its 
refractive index for radiation of infinite wavelength. The dielectric 
constant is given in fact by the square of the refractive index, under 
these conditions, and this has been proved experimentally for many 
substances. * 

4QJ, Methods of Determining Dielectric Constants, — This can be 
but a brief outline. For a more complete account a text-hook of physics 
should be consulted. & m 

The chief methods fall into three classes: — * 

(1) The measurement^ the electric fdrce acting through a dielectric. 

(2) The determination of the velocity of propagation of electro- 
magnetic ^aves through a material. This is inversely proportional 


Substance. 

6 

Plate glass .... 

4*67 

Ebonite ..... 

3*15 

Sulphur 

3-84 

"Mica 

6-64 

Paraffin wax .... 

2-3 

Petroleum .... 

1 2-0 

Water . . . . 

81-7 

Ethyl alcohol .... 

25-4 

Air (76 cm. pressure) 

■ , " ,, "" rr; " r ' ~ * : s 

1-0006 

► > * 
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not hin g between the plates, and when the latter are separated by a 
dielectric. The most important methods faE into this class. 

In modem times dielectric constants are nearly always determined 
by finding the capacity of a condenser by an oscillatory circuit method. 
It is well known that the frequency of oscillation of a circuit depends 
upon its capacity, its inductance, and its resistance. The frequency of 
oscillation is fairly easily determined, whence it foEows that if the 
inductance and resistance are kept constant the capacity can be 
determined by comparison with a standard condenser. # 

402. Dipole Moments.— Molecules consist of an assemblage of 
protons, neutrons and electrons. As a rule, the centre of action of the 
positive parts will not coincide with that of the negative parts of the 
molecule, and so the molecule may be imagined to consist of a system 
which reduces to two point charges of equal and opposite sign, separated 
by a rigid link or rod. 

The two charges must of course be equal, otherwise there would be a 
resultant charge on the molecule. The electrical dipole moment of such 
a system as that just described is defined as ed, where & is the charge on 
each, ^nd of the rod and cl is the length of the rod. This quantity is 
usually referred to merely as the dipole moment of the molecule. 

It is clear at once that a knowledge of the dipole moment wiE tell us a 
r good deal abosst the constitution of the molecule. Consider a compound 
formed from two atoms. The atoms themselves before combination are 
neutral They have no dipole moment, since every isolated atom must 
have the centre of action of its positive portion, i.e., the nucleus, at the 
centre of action of the surrounding electrons. When combination 
occurs we may suppose that the two atoms become bound by a co-valent 
; link. According to Sidgwick, this means the sharing of two electrons 
between the orbits of the two atoms. If the bonding electrons are" 
shared equally between the two atoms the resulting molecule yill be 
non-polar, and will possess no dipole moment, for the effective arrange- 
ment of the positive and negative portions has not been altered; but 
suppose that one atom takes a greater share of the two electrons than 
the other, then the molecule becomes polar, because one atom wiE have 
a preponderance of negative electricity associated with it, and the fcther 
must, in consequence, have a deficit of negative charge. If then a 
substance possesses a dipole moment, this indicates that the storing of 
the electrons has not been equal. 

' ' 408. Determination ©f Dipole Moments.-*-Let us consider what 
happens when a gas or vapour is placec^in an*electric field. First of all, 
the molecules will, if they possess a dipole moment, tend to set them- 
selves in a direction so^hat their fields act in oppositioif to the electric 
field. The same behaviour is seen exactly with a set of compass needles 
placed in a, magnetic field. They aH tend to turn in one direction, so 
that their north poles point to the south pole of the fiSId. This tendency, 
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however, on the part of the molecules will be opposed by the thermal 
agitation of the molecules which makes for random orientation, and also 
by the effect of the neighbouring molecules on one another. Thus, when 
the substance is placed in an electric field, it is not to be expected that 
complete orientation in one direction will be achieved. The extent of it 
will depend upon the strength of the field, and upon the physical environ- 
ment of the molecules. This effect is called the orientation polarisation . 
Another effect is to he noted. Whether the molecules possess a dipole 
moment or not, the electrons will be displaced slightly from their 
normal orbits and attracted towards the positive pole of the field. This 
is called the electron polarisation . In addition, the nuclei themselves will 
be slightly displaced relative to each other. TMs is called the Atomic 
polarisation , and is usually small. 

We may sum up what we have been saying by noting the existence 
of the tliree types of polarisation: — . 

(1) Orientation polarisation, P 0 > 

(2) Electron polarisation, P e . * * # * 

(3) Atomic polarisation, P a . 

The electron and atomic polarisation together make up the polarisation 
due to distortion of the molecule, and we may write Tor their sum? P<*. 
Hence, the total polarisation 

# P = p d ~f P 0 = P a -j- P 6 -f- P 0 * * * 

It was shown by Debye that the “Clausius-Mosotti 5 5 relationship, 
which states that the polarisation 


where M is the molecular weight, d the density and € the dielectric 
constant, measured the total molecular polarisation of the substance. 
The dielectric constant of the medium will obviously depend on the 
total effect of the molecules on the field, and this fact finds expression 
in the above equation. It may be compared with the Lorentz-Lorenz 
refraction equation (§ 187) 


where n is the index of refraction and E is the molecular refractive power. 

It is cjear from what "vfe ha^ said about the effect of thermal agita- 
tion on the orientation that the polarisation should vary with tempera- 
ture; yet no allowance w^ made for thisTn the derivation of the above 
equation. Also, it has b$en stated that the dipoles will have some 
influence on each other, and thiswill clearly depend on their proximity, 
and therefore on the molecular concentration; yet again there was np 
allowance forjthis in deriving the formula. 

It is obvious from the above that, in order to measure the permanent 
dipole moment of £he molecule, we must eliminate the electron and 

***** . . ; * ' - 
* 
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atomic polarisations. If the molecular polarisations of a substance in the 
vapour and solid state are compared, the approximate value of the 
orientation polarisation, P 0 , can be obtained, since in the solid state 
there is little or no possibility of orientation, the molecules being firmly 
held in the crystal lattice. The polarisation in the solid state is due to 
P m 4 - P e alone. P& can be obtained from the total polarisation P 
measured for the vapour, by subtracting P a + P e obtained for the solid. 

When a molecule is exposed to an alternating electromagnetic field 
instead of to a steady one, if the alternations are very rapid the mole- 
cules mil not have time to orient themselves, and so the "polarisation 
will be dependent only upon the distortion effect. Ordinary light can be 
used for the rapidly alternating field, the quantity measured being^the 
refractive index instead of the dielectric constant. The alternations in 
the visible are too rapid for the heavy nuclei to be displaced and so, if 
the total distortion polarisation is to be measured, it is necessary to use 
infra-red light. This then provides a method for distinguishing between 
P a and"P e . P a is found by determining the total polarisation due to 
distortion using infra-red rays, and then subtracting P & found for 
visible rays. 

Since the orientation depends on an equilibrium between complete 
orientation and the effect of thermal agitation, it follows that the 
orientation will decrease as the temperature is increased and thermal 
agitation becomes more violent. The exact relation between tempera- 
ture and the molecular orientation polarisation, P 0i was deduced by 
Debye in the following form: — 

p = ]Sf P 2 - 
0 3 * 2kT’ 

where /x is the dipole moment in electrostatic units, N is Avogadro’s 
number, h is Boltzmann's constant (§ 115) and T the absolute tempera- 
ture. The total polarisation will be r 

• P - P 4- 47r ^ 2 

P - Pd + ~2W > 

B • 

* + 

• P 


where 


4 TiNfi 2 * 


If the molecular polarisatidh is plotted ag^nst the reciprocal of the 
temperature we shall get in all cases a straight line if the above equation 
is satisfied; but, if the substance is nompolar, then B = 0, since p =.0, 
sjpd the straight line is horizontal If the substance ia polar, B * has a 
definite value, and the line has a slope from which B can calculated. 

be noticed th$t the distortion polarisation is indepdendent 
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Putting the numerical values of N (6*06 X 10 23 ) and h (1*37 X 10' 
the above equation, we have 

ja = 0*0127 VB X 10"~ 18 electrostatic units, 
so that $jl can be easily obtained from B. 

The Olausius-Mosotti relationship states that 


Hence, combining this with Debye’s equation, 


For the majority of vapours e is very nearly equal to 1 . Thus, for water, 
at 120° 0., € is 1*004002 e.s.u, Consequently, (e + 2) is approximately 

equal to 3. Hence (e - 1) should vary linearly with since (e +2), if, 

and dy as well as A and B, are constant. This, of course, is onlyrapproxi- 
mately true ,*since (e -f- 2) is not quite constant. 

The following Table (CVI) contains data for water, methyl and 
ethyl ethers, &nd methyl chloride, taken from a paper by R. SangSr on 
“New measurements on the effect of temperature on the dielectric 
constants of ggyses and vapours” ( 1929) . 1 

These figures are plotted in Fig. 227, which shows the graphs between 
10 3 /jF and (e - 1) X 10 5 . The linear nature of the curves is in complete 
agreement with Debye’s theory. The curves for carbon tetrachloride 
and methane are also given in Fig. 227. Both these substances are non- 
polar, and therefor© give a straight line parallel to the temperature axis. 

The values obtained for the dipole moments, calculated from the 
slopes of the curves, are: — 

. Methyl chloride (1*86 ± 0*03) X 10~ 18 e.s.u. 

* * * Ethyl ether (1*10 ± 0*02) X 10~ 18 e.s.u. 

Water (1*84 7 ± 0*02) X 10~ 18 t>.s.u. 

Methyl ether (1*32 ± 0*02) X 10~~ 18 e.s.u. 

• Carbon tetrachloride 0 

Methane 0 

This is the most accurate method of determining dipole moments, 
but unfortunately the rang^of temperature required for accurate results 
is large, and it can therefore only be applied to those substances which 
do not undergo decomposition within the** temperature range used. 

There is another method for measuring dipole moments which does 
net depend jppon the dielectric constant at all, but upon direct measure- 
ment*of the behaviour of molecules in an electri^ field. It is called the 

1 This paper*is the first in the series of the “Leipzig Vortrager” on “Dipole 
Moment and Chemical Structure”. This series has hem translated into English by 
W. M. Deans (Blackieh under the above title. 
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Table CVL— Variation oe Dielectric Constant with 
Temperature 


Methyl chloride. 


Methyl ether. 


Water. 


“molecular beam method”* 1 and is based on a method first mentioned 
by Kallmann and Reiche, and later used by Stem and Gerlach for the 
determination of the magnetic moment of atoms. By heating in a small 
oven the substance is obtained in such a state that the molecules are 


Curves for # VarioTjs Compounds, 


far apart from one another, aftd move along -githout collision. A beam 
of such molecules is obtained by allowing t%m to pass through a very 
narrow slit into a high vacuum, the^beam being further defined J)y 
apother slit. IMS beam is passed through an intense non-mSiform 

* 

account of the use of the molecular beam method? the student is 
reeonmendad tk, see EsternCmn’s paper in “Dipole Moment and Chemical Struc- 
tured tmns,, W. M, Dogms (Hackle). * 
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electric field when, if the dimensions of the beam and the intensity and 
inhomogeneity of the field remain fixed, the beam is deviated through 
an angle dependent upon the electric moments of the molecules. The 
molecular beam is allowed to impinge on a receiver cooled in liquid air, 
to which the molecules adhere and leave behind a trace of the solid 
material, which can be viewed through a microscope. All molecules, 
irrespective of whether they bear a dipole moment or" not, will have 
one induced in them by the field, but this will only cause a deviation 
parallel to the direction of the field. The presence of a polar molecule 
is indicated by a broadening of the trace, and, by a complicated 
calculation, the two effects can be separated and the dipole moment 
calculated. .■■■'. * * ■■■■ 

This method has proved useful in the case of substances which are not 
soluble in non-polar solvents (a condition required for the determination 
of the dielectric constants of substances at radio frequencies employed 
in the first method described), or else do not give sufficient vapour to 
enable the dielectric constants to be measured* by*the seconctenethod. 
The only condition required is that the substance should be capable of 
being obtained as a molecular beam. It has been used for the ^deter- 
mination of the moments of alkali metal halides, and "a notable example 
is its application to penterythritol. 

According t®> a theory put forward by Weissenberg, a carbon com^ 
pound of the type CA 4 should be able to exist in two forms, one* a 
regular tetrahedron, with the carbon atom in the centre, and the four A 
groups at the apices, and the other a pyramid with the carbon atom at 
the vertex and the A groups at the base. Obviously, a molecule of the 
first type should possess no dipole moment, whilst one with the 
pyramidal structure should possess a permanent moment. Pentery- 
•thritol, C(CH 2 OH) 4 , cannot be examined by the dielectric constant 
method, being insoluble in non-polar solvents, and decomposing when 
vaporised under ail but very low pressures. Examination of this 
substance by the molecular beam method, however, ^ shows that its 
dipole moment is about 2 X 10” 18 e.s.u. (Estermann, 1929). Pentery- 
thritol acetate also has a moment, but the bromide^ is non-polar. 
Estejmann states that the observations do not necessarily prove the 
accuracy of the assumption of a pyramidal model for molecules of the 
type CA 4 , but do at least show that penterythritol as a whole shows no 
central symmetry, of which tetrahedral symmetry is one type. 

It should be remembered that in all methods of determining the dipole 
moments of molecules the substance under investigation must either 
be In the gas or vapour state, or else must be in very dilute solution in a 
non-polar solvent. This stipulation Is necessary in order to eliminate 
interaction between the molecules themselves. In the usual case in 
which the substance is investigated in a non-polar solvent, it is necessary 
to extrapolate to infinite dilution. 


■ : / ■ 
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404. Results of Dipole Moment Determinations.— It is well to 
point out exactly what is determined in these experiments. The value 
obtained is the resultant moment for the whole molecule, and where 
this is complex, all the links will have contributed to it. The results 
merely indicate the product ed, where e is the resultant charge at the 
end of the dipole which has the equivalent length <#. 

Consider a diatomic molecule, A — R. If an electron were transferred 
completely from A to B, the dipole moment would be 4*77 X 10” 10 . d, 
where d is the distance between the nuclei and 4*77 X 10“ 10 is the charge 
associated with the electron. The distance between the nuclei will be 
approximately the molecular diameter, which is about IQ*" 8 cms. 
Hence? the dipole monJfent of a molecule existing in the ionic state should 
be in the neighbourhood of 4*77 X 10~ 18 e.s.u. 

The dipole moments of most polar substances are less than tljis, but 
in a few cases, higher values have been found. Thus, the dipole 

* Table CVII. — Dipole Moments * 


Throughout this chapter dipole moments are expressed in Debyes. 
1 De&ye = lx IQ-* 8 e.s.u. Thus, when the dipole moment water is given 
as 1-85D., this stands for 1*85 x 10~ 18 e.s.u. 


#■ Substance, 

Formula. * 

Moment. 
(Debye Units) 

Methane ..... 

ch 4 

.. 0 

Ethane . . . ..... 

c 2 h 6 

0 

»-F©ntane . . . . . ■ 

«?-Pentan© . , . . 

} C e H 12 

0 

Ethylene 

ch 2 = ch 2 

0 

Acetylene . . . . 

CH s CH 

0 . 

Methyl alcohol . . 

CH s OH 

1*78 

Ethyl alcohol , . . .■ . 

c 2 h 5 oh 

1*85 \ 

Methyl iodide 

ch 3 i 

# 1*90 

Nitromethane w: . . ... . 

ch 8 no 2 

8*8 

Acetonitrile . . » . 

ch 3 cn 

3*51 

Acetone . 

CH 3 . CO . CH 3 

2*72 

Benzene . - . . . .■ ■' . 

c 6 h 6 i 

0 

Chlorobenzene .... . ■■■ 

C 8 H 6 C1 

1*^3 

Nitrobenzene . v ,;. i 

c 6 h 6 no 2 

3*8 

Diphenyl . . . . . 

• C 0 Hg - C 8 H s 

• 0 

Argon, hydrogen, nitrogen . . 

“A, H,, N 2 

0 

Hydrogen chloride . . m 

HC1 

1*03 

Hydrogen bromide ... 

•EBr 

0*78 

Hydrogen iodide . ; ■ v 

„ • HI 

0*38 

Water . 

* h 2 o 

1*85 » 

Ammonia . ; ; . 

nh 2 . * 

! 1« # 

Ehlphur dioxide 

io 2 

1*7 

Hydrogen sulphide 

h 2 s 

0*93 

Silver perchlorate . . © . 

. 1,^.%.^. i i i 

AgC10 4 

4*7 
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moments of potassium iodide, potassium chloride and sodium iodide, 
determined by the molecular beam method are 6*8 X I0~ 18 , 6-3 X 10" 18 
and 4*9 X 10~ 18 e.s.u., respectively (Scheffers, 1934). These high values 
are probably due to deformation of the orbits of the valency electrons. 
It is clear that the dipole moment gives some idea of the degree of 
sharing of electrons between the atoms linked. For equal sharing, the 
moment would be zero. 

It has been pointed out by J. J. Thomson that as moments are vector 
quantities they can be added vectorially, e.g as in the determination 
of the resulfant of two or more forces by the application of the parallelo- 
gram of forces. This method has proved very useful in deciding the 
moments of various linkages. * 

Monatomic substances must of course be non-polar; for instance the 
rare gaf es possess no moment. 

Diatomic molecules (with the exception of elements) are all polar 
so far as they have been determined. With triatomie molecules we have 
the possibility of either symmetrical or asymmetrical ^rangenfent, and 
so the moment may be either zero or finite. Thus, if the molecule is of 
the type AB 2 , and A lies between two B atoms in a straight line^then 
the substance will be non-polar if the two links are the same. 


B— A— B 


I. II. 

Fig. 228. — Models of Triatomie Molecules. 

If, however, one link makes an angle with the other, as in II. above, 
the molecule will possess a moment given by M = 2m cos where m 
is the moment of a single link and 6 the angle between them. Water is 
polar, *and must therefore be constructed in this way. Where there are 
double links, as in 0 = 0 = 0, the linear arrangement of the carbon 
bonds in the sp hybrid state would mean that this must be a linear 
molecule, and possess no moment. For this reason C0 2 and CS 2 are 
not polar. 

Te6ratomic molecules of the type AB 3 are non-polar- if all four atoms 
lie in one plane, and the £,ngle% between the bonds are all equal, as they 
must h€ in the case of AB 3 .c 

B V- 


Where the model is pyramidal, one atom will lie out of the plane of the 
rest and the molecule will be polar. 


Y- ■■ ' 

A 
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Fig. 229. — Pyramidal Model of AB 3 Molecule. 

Hence, the polarity found for ammonia, phosphine, arsine and the 
trihalides of phosphorus, arsenic and antimony. 


3 



Fig. 230. — Model of AB 4 Molecule. 

PentJtomic mpleculez of the form AB 4 should he nonpolar on the 
tetrahedral model or on the plane model The pyramidal structure 
would give a finite value of p. It is found that methane, carbon tetra : 
ehlolld©, silicon 'tetrachloride, titanium tetrachloride,* etc., are all 
non-polar. Penterythritol, however, has a definite moment (§ 403). 

* Th^ dipole^pioment is also a useful criterion in the determination of 
the contributions of the possible structures in resonating systems. The 
fact that the nitrous oxide molecule, for example, has a small dipole 

moment indicates that the molecule cannot consist entirely of either of 

—* 4 * + — 

the two possible structures N — N = 0 and N == N - 0, which would 
possess high dipole moments, but that there is resonance between the 
two forms. 

The dipole moment has also been used as evidence of hydrogen 
bonding. • * 

These simply examples of the application of the dipole moment to 
the elucidation of molecular structure show the value of the method. 
In the cases we have quoted there is only one type of link, and, course, 
the matter h^omes much more complicated when we deal with com- 
plex organic mofecules in which several types of link occur. By milking 
the assumption that the presence of one link does not influence the rest 
of the molecule, 1 it is possible, by comparing the moments of molecules 
in which groups are replaced by others, to find the moments associated 
with individual links. This has been done in # very many cases, and a 
Table of the results taken by permission from Sidgwick’s c< Covalent 
link in Chemistry” is given below: — * * ** 

1 It is very probable thaC deformation of the orbits of the valency electrons often 
occurs in substances containing an electro valent linkage, e.g. t in potassium iodide. 
Tb© remar^congerning the dipole moments of linkages, etc., must be understood 
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Table CVIIL— Dipole Moments ob Lineages 


Knowing the moments of individual links, it is possible to work out 
the distribution of residual charges in the molecule owing- to the 
unequal sharflig of the electrons in the linkages. In the case of hydrogen 
chloride with the single H — Cl linkage, the moment of this body is 1*03, 
whilst the distance between the atoms, determined by other mea£c, is 
1*27 A. The moment is the product of one of the residual charges and 
the distance, and if the residual charge is supposed to reside on the 
nucleus, then each charge must be 1*03/1*27 = 0*81 X 10~ x0 e.s.u. "This 
can be better expressed as a fraction of the charge on the electron. 

Table CIX. — Residual Charges 
(Taken, by permission, from “The Covalent Link in Chemistry”, by 
Professor N. V. Sidgwick.) , 

. Moment. Distance. - „ AE 

Link. a E x d . d - AE — = F 

A “* « e.s.u. e 

.'.e.s.u. ■. . .A 


In the last column, the ratio of the residual charge AE on the nucleus 
to the charge on the electron, e, is calculated. 
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4*77 X 10~ 20 e.s.u. In this case It is 0-81/4*77 = 0*170. There will be a 
charge of -f- 0*170 on the H atom and — 0*170 on the Cl atom. 1 In this 
way the residual charges due to various linkages have been calculated, 
and §ome of them are given in Table OIX. The positive atom is written 
first. ■ ' 

These figures enable us to determine roughly the places in the 
molecule whe£e there is an excess or deficit of charge. In the deter- 
mination of the residual charges present in molecules which are more 
complex, the amount for each link must be added. Consider the case of A 
methyl chloride. Each 0 — H linkage has a charge of +^0*04 on the 
hydrogen. This would give for the carbon attached to the three ’ 
hydrogen atoms a charge of - 0*12. There is another linkage, however, 
the C— Cl link. This has a charge on the Cl of - 0*21, and a corre- 
sponding charge of -f 0*21 on the carbon. Hence the total charge on r w 
the carbon is - 0*12 + 0*21 = ~f 0*09. Where there is a co-brdinate 
link In the molecule the value 1*0 must be added or subtracted from the 


approp*iate atom. Tliaco- ordinate link adds 1 to the donor and removes 
1 from the acceptor. The diagrams below (Fig. 231) have been drawn 
up in this way (mainly from Sidgwick, “The Covalent Link" in 



Ch^fiistry”). * r 

It is obvious that the study of dipole moments can be of great use 
in deciding questions of stereoisomerism in organic chemistry. Thus, in 
dealing with cis- tfnms-isomerism of ethylene derivatives, * 

H — o — X H— C — X 


e.g., fumaric and maleic acids, 
H-O-COOH 


H— C— COOH 


HOOC — 0 — H 

fumaric .acid' 


h— c— COOH 

maleic acid 


Fig. 231. — Residual Charges on the Atoms of Various Compounds. 

* is explained by assuming that hydrogen chloride is a resonance 

'BfPM of a covalent and an electxwalent- canonical structure (see § 83). 


r 
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ifc is clear that the cis- form will be polar, whilst the tram- form will be 
non-polar. This has been confirmed by experiment in the ease of the 
dihalogen derivatives of ethylene. 


Q — 0 — ci 
11 

H— O— H 

asymmetrical dicfalorethylene 


H— C— Cl 

I! 

H — 0 — Cl 

cis 


H— c— cr 

* II 

a— c — h 

trans 


symmetrical dicMorethyleoe 


There are three dichloro derivatives of ethylene, the formula?, being 
shown above. Of these, the first is easily recognised on account* of its 
chemical properties, but the cis- and trans - forms are not thus recognis- 
able. One of these compounds has been shown to possess a dipole 
moment of 1*9 e.s.u., and the other zero. The cis - form can thus be 
. differentiated from the trans- form. This work has been carried out by 
Errera, who found the following values for the moments of other 
di halogen derivatives of ethylene, » 

<* c ^ 

Substance. * * / 


Substance. ' 

c^-dibromo -ethylene 

Moment. 
* 1*4 

tfran^-dibromo-ethylene . 

. 0 

cia-diiodo-ethylene 

. 0*8 

trem^-dnodo-ethylene 

. <P 

cw , -chlorobromo-ethyIene 

. 1*6 

tram - chlor obromo - ethylene 

. 0 


Much light is thrown on the question of benzene substitution by the 
study of dipole moments. Benzene itself has no dipole moment, and it is 
concluded from this and other evidence (supplied by the X-ray structure 
of hexamethyl-benzene) that the carbon and hydrogen atoms all lie 
symmetrically in a plane (§ 81 ) . 

In the theories of benzene substitution and the positions taken up in 
the ring by various substituents, put forward by organic chemists, a 
displacement of electrons in the molecule is assumed. If this does 
happen, it must be shown in the dipole moments. The ^moment of a 
group* 0 -X has been shown in general to be different According as the 
carbon is part of an alky]*group or an aryl group. Sutton has been„able 
to show that there is a relationship between the difference of the 
moment of (Ar X) and (Aik — X), and the directing power of the 
substituent X. If the moments of which the positive end is remote 
from the alkyl or aryl group are^aUed positive, and the reverse of this 
negative, thBn when the moment of (Ar— X) mimis^hat of (Aik— X) is 
positive X cprects fmjjbher substitution into the ortho- and para- 
positions. If*fhe difference is negative it directs further substitution 
into the meta-position. This behaviour has been explained, arid is stated 
- 


• . ■' ' 

?: ^ ; : 'h": " 

* * ■ 





rn life a UM. Illii 


^32 I n Hi bTJAUUJLUXWCi Vi-’ 

to stow that there is an electron drift in benzene when mono-suhstiti 
tion 'takes place, which decides where future substituents will go. 

. Table CX.— Moments of Aromatic and Aliphatic 
Derivatives 

(Data taken, by permission, from “The Covalent link in Chemistry 

: * ■? rs r XT \T QiHomnnlr 1 


by Professor N. V. Sidgwick.) 


Moment of 
the linkage 
(Aik - X). 


Moment of 
the linkage 
(At - X). 


•Orientation. 


035*01 
CHCl* 
CC1 3 
QOCHa 
* CO 
CsN 

m 2 


OlitJ UiXCvWWJU rr\T* * 

group, or if the?e is no Y, then the direction is ortho-para. This is very 
easily explained on the dipole theory, since the position of an element m 
the periodic table decides the sign of the dipole formed by it with another 


The theory has also been applied to the naphthalene and diphenyl 
derivatives with considerable success. * „ 


SUGGESTIONS FOR FURTHER READING- _ 

. “The Nature of the Chemical Bond.” (Cornell University 
r* ^‘Structural Inorganic Chemistry.” (Oxford, 1945.) 



FURTHER READING' ' ' §83 

Ingold, C. K. “Structure and Mechanism in Organic Chemistry.” 
Chapters III and IV. (Bell, 1953.) 

The student is advised to read some of the original papers. These can 
be discovered by consulting British Abstracts A, or the Chemical Abstracts 
published by the American Chemical Society. The Annual Reports Of the 
Chemical Society are invaluable. 


-^* 2 ^** 1 



SUGGESTIONS FOR PRACTICAL WORK 
AND ®bESTION^ . - 



PRACTICAL WORK AND QUESTIONS 685 

■weight of ether taken. Put water into the outer jacket and boil, proceeding 
as stated above until a constant temperature has been attained. Then 
introduce the bottle, shut the tap, and determine the increase in pressure.. 
Clean out the apparatus by blowing a current of air through, and then 
repeat exactly as above for benzene. The calculation of the result hits been 
indicated in § 12. 

(6) Absolute Method . — The volume of the vaporising tuUe is first found, 
and the increase in pressure due to the vaporisation of sSImown weight of 
benzene is found just as before. The result is calculated as indicated. above 
(§ 12 ). 

j Experiment 6. — Determine the vapour density of acetone by Dumas’ 
method. (See §12.) 

Experiment 7. — Determine the atomic weight of carbon. 

The problem resolves itself into two parts: (a) 4he determination of the 
equivalent of carbon, and (5) the determination of the valency of carbon by 
finding the vapour density of its chloride, i.e, 9 carbon tetrachloride. 

(a\ petermination of the Equivalent of Carbon . — It is this part of the work 
that must be done with as great accuracy as possible. 

For this purpose, a known weight of pure carbon is burnt in oxygen and 
the amount of carbon dioxide formed is weighed- I£ram this it^s easy to 
calculate ih$ equivalent of carbon. * 

It is first necessary to prepare a pure form of carbon. On© of the best 
for this purpose is sugar charcoal, which is easily made by acting <^n cane 
sugar with string sulphuric acid. The sugar chars, losingVater and becoming 
converted into a form of carbon. The mass is mixed with water and boiled 


Fig. 232. — Apparatus for determining the Equivalent of Carbon. 

xh orcfer £o dissolve out any unchanged sugar, and is then filtered off. The 
washing is continued with hot water for some time in order to make quite 
certain that all unchanged sugar has been removed. The charcoal is then 
carefully dried in an air oven, heated to 110° C. About J gm. of this charcoal 
is weighted out into a porcelain boat containing some black copper oxide, 
which is placed in a combustion tube (Fig, 232). The tube is connected at 
one end with a source of dry oxygen. This may be an aspirator containing : 
oxygen, or, better, a cylinder, the gas being dried by strong sulphuric acid. 
The otlTer end of the tube is connected to a series of potash bulbs, which are 
half filled with 30 per cent, potash, and a calcium chloride tube, which are 
weighed at the beginningyof the experiment. The carbon* is now heated to p 
redness in the combustion tube, and a slow stream of oxygen is passed over. 
The stream of gas should be slow enough for the bubbles passing throu gh the 
bMbg to bc^eounted with ease. When all the carbon has disappeared, the 
potash bulbs aife weighed again. The increase in weight gives the weight'of 
carbon dioxide absorbed. Knowing the weight of carbon from which this 
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(carbon dioxide free) through the tube for a few minutes after all the carbon 
has disappeared, 

The second step, that of finding the valency of carbon, has now to be 
undertaken, _ . 

(h) determination of the Vapour Density of Carbon Tetrachloride . — -It is 
essential to us© pure carbon tetrachloride. The method used can be either 
that of Victor Meyer or that of Lumsdem As the boiling point of carbon 
♦ tetrachloride is mbout 77° C., it is necessary to use water, or some heating 
liquid with a boiling point even higher than that of water, in the outer 
jacket. The details of this determination are described in § 12, 

Having found the vapour density of the chloride, its molecular weight can 
b© found, and, knowing the equivalent, the valency is found m described 



in § 11,3a. 

Experiment 8. — Determine the atomic weights of silver, potassium, 
chlorine, bromine, iodine, sodium and lithium, by methods due to Stas. * ^ 
Although methods are given for the complete determination of the atomic 
weights of all the above elements, the experiment need not be carried to 
completion if there is insufficient time. The experiment is easily stopped at 
any stage. ■ : : 

it is as|pmed that the atomic weight of oxygen is 16. The method involves 
the determination *of Ihe following ratios:' — * 

. KC1 : O 


KOI 

AgCl 

AgBr 

Agl 

NaCl 

LiCl 


Ag 

Ag 

Ag 

Ag 

Ag 

Ag. 


(a) Determination of the Formula Weight of KCL — Weigh out into a 
crucible of known weight about 1 gm. of potassium chlorate, and heat, at 
first gently, then more strongly over a Bunsen until all oxygen is evolved. 
Allow to cool and weigh. Then reheat for five minutes and weigh again. 

' Repeat this process 'until a constant weight is reached. The weight of KC1 
* which combines with 48 gins, of oxygen is then calculated, and is the formula 
weight required. Great car© must be taken to avoid loss of chlorate. 

(b) Determination of the Ratio KOI : Ag . — Weigh out about 2-5 gins, of 
silver foil, and dissolve it in slight excess of dilute nitric acid. Make the 
solution up to 500 e.c. This solution will serve for a number of tlie further 
determinations. Make a standard solution of KOI of such strength that the 
potassium chloride and silver nitrate solutions are roughly equivalent. 
Take 25 c.c. of the silver solution, and titrate it with the standard KCI 
without the use of an indicator (remember that the AgXG 3 is still somewhat 

* acid). In this way calculate the amount of KCI combining with a given 
weight of silver, and hence obtain the ratio* # 

KCI : Ag. • 

Since we know the formula weight of KCI (O = 16) we have the atomic 
weight of silver. ' ' \ \ h--. v- :■ 

(c) ^ Determination of the Ratio Ag : AgCl . — Take 100 c.c. of the silver 
solution and add to it a slight excess of*dil. HC1. Boil for a short time, 
decant off the liquid frprn the ppt. of silver chloride, and wash th* precipitate 
b/ decantation. Filter off through a Gooch crucible, the weight of which is 
known. Take car© to keep the precipitate from the fight. Wash thoroughly 
a »d dry the Goo$h and precipitate in an oven, and weigh again. The 
difference is the^ weight of silver chloride. Knowing tlqp weight of silver in 
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the original solution, we obtain the ratio Ag ; AgCl, and knowing the atomic 
weight of silver w© can get the formula weight of silver chloride, and hence 
the atomic weight of chlorine. 

(d) Determination of the Ratio Ag : AgBr, and Ag : Agl. — In each case take 
100 c.c. of the silver solution and add a slight excess of potassium bromide 
and potassium iodide respectively. Filter off the precipitates of silver - 
bromide and silver iodide, proceeding exactly as above. *In tins way -we 
obtain the ratios Ag : AgBr and Ag : Agl, and knowing th^atomic weight of # 
silver the formula weights of the bromide and iodide can be found, and 
hence the atomic weights of the elements. ■ 

(e) Determination of the Ratios NaCl : Ag, and LiCl : Ag. — Instructions 
are given Tor the ratio NaCl : Ag. The other determination is exactly the 
same except that lithium is to be substituted for sodium. 

Take’ about gin. of pure sodium chloride Accurately weighed) and 
dissolve it in 100 c.c. of water. Then titrate this solution against the silver 
solution already prepared. As this is slightly acid it is necessary to titrate 
without an indicator. The result of this titration will give the amount of 
sodium chloride corresponding to a given weight of silver, and hence the 
ratio NcCl : Ag can readily be found. Knowing the atomic weight of 
chlorine, the atomic weight of sodium is found by subtraction. In this way 
the atomic*weights of almost any elements can*be fonjid. ; We fcave given 
here examples of the determination of seven atomic weights by simple 
: ' quantitative" . analysis. It will be noted that they all depend on the atomic ^ 
weights of silver and chlorine, and hence a slight error®in the deterift jnation 
of one of these will cause an error all the way through® 

Summary of Insults. 


KCP: 

KC1 

AgCl 

AgBr 

Agl. 

NaCl 

LiCl 


Formula weight of RGl — *4*557. 
Atomic weight of Ag — 107*85. 
Atomic weight of Cl — 35*457. 

Atomic weight of K = 39*10. 

A tomic weight of Rr — 79*916. 

Atomic weight of I = 126*92. 
Atomic weight of Na = 22*997. 
Atomic weight of Li — 6-940. 


, Experiment 9.— Determine the atomic weight of copper, making use of 
**Dul<mff and Petit’s Law. 

The method resolves itself into two parts. First, the determination of the 
specific heat of copper, and secondly, the determination of the equivalent 
of the metal. ' V/ 

(a) Determination of the Specific Heat of Copper .-— It is not necessary to 
determine the specific heat with any great accuracy, as tlfe Law of Dulong 
and Petit is at the best only approximately true. For chemical purposes, it 
is essential to us© glaas calorimeters, as often the heats of reaction or 
substances which would attack metal have to be found. For this purpose, 
two beakers are chosen which fit one inside the other. A layer of felt is 
placed between the two, and in this way m fairly good class calorimeter may 
be made. A much mdle satisfactory method, however, is to use sxnatt 
thermos flasks as caloriAeters^ These are quite cheap, and are extremely 
Useful for^hermochemical determinations. First of all the water equivalent 
of lh© calorimeter has to be determined. This mm/ be done by heating a 
known weight of water to, say, 50° C., and pourh% it into a known weight of 
water in the calorimeter, and noting the highest temperature attained. 
From these weights and the temperature, the water #quiyaient of the 

• . * 

• '■ • . ■ ■ 

. * * 

* « • . • * %■ 
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calorimeter can be calculated, and when once determined is best noted on a 
label which is attached to the calorimeter. This saves further determination 
later on. To determine the specific heat of copper, a piece of copper is 
weighed, and heated to 100° C., by placing it in a test-tube heated for five 
min nt esjn boiling water. A piece of thread should be attached to the. metal 
to facilitate its removal from the tube. The temperature of a known weight 
' of water in the calorimeter is taken, and the hot piece of copper Is ..carefully 
lowered, into the "prater as quickly as possible. The. water is stirred, ..and. the 
* highest temperature reached is recorded. There is no need to take into... 
account the cooling correction of the calorimeter, as it is. not necessary; to 
get an extremely accurate result. The specific heat of the copper can then 
be found as shown below. * 

Calculation of the Water Equivalent of the Calorimeter . — Let the water 
equivalent be W; let the mass of water in the calorimeter initially be w x 
gins., audits temperature^ 0 C. Let the mass of water added be w 2 gins* 
and its temperature t 2 ° C, Let the final temperature he t 3 ° C. 

The amount of heat given out by the added water is w 2 (t 2 — t 3 ) calories. 

The amount of heat taken up by the calorimeter and contents is ( W V^i) 
(t z — if) calories. 

Hence ' (IF + w%) (t$ — • tf) =* w 2 (t 2 £3)* 

W is the on*y unknowndn this equation, and is readily calculated* 

Calculation of the Specific Heat of the Copper . — Let the weight of the 
copper be gms., and the weight of water in the calorimeter w 4 gms. Let 
the inijijkl temperature of the water be tf C., and the final temperature 
tf C. The copper is cooled from 100° to tf C., and, if its specmc heat is «?, 
the amount of heat given out is w 3 s (100 — t 5 ) calories. The water and the 
calorimeter are heated from tf C. to t b ° 0., and the amounteof heat thus 
take# up is (W % ivf) (t 5 — t 4 ) calories. These two amounts are equal. 
Thus 


M 

m 



w 3 s (100 - t s ) = (W + w 4 ) (t 5 - t 4 ), 
and from this equation s can be calculated. 

(b) Determination of the Equivalent of Copper . — This is best done by 
converting a known weight of metal into the oxide, and then calculating 
weight of metal which will combine with 8 gms. of oxygen. 

* Weigh out accurately about 0*5 gm. of copper turnings, and dissolve in as 
small a quantity of 1 ; 1 nitric acid as possible. During this operation, which 
should be carried out in a beaker, care should be taken to prevent loss by i 
spirting. Heat the liquid, which should be diluted to about 100 c^. with 
distilled water, to foiling, and then add boiling caustic soda solution until 
present in excess. Boil the liquid and allow the precipitate to subside. The 
colour of the liquid above the precipitate should not be green. Decant the 
liquid through a previously prepared and weighed Gooch crucible, wash the 
precipitate in the beaker twice with boiling distilled water, and tfyen 
transfer it to the Godfeh. Continue to wash till the washings give no precipi- 
tate with silver nitrate. Dry the Gooch in the steam oven, place it inside a 
nickel crucible, and heat to redness. After about fifteen minutes it is allowed 
to cool, and is reweighed, the difference in weights giving the weight of 
copper oxide formed. From this ’the equivalent $f the metal is readily 
calculated. 


-.1.''* '' QUS^flONS ON CHAPTER I 

(1) Describe an experiment which could be carried out in the laboratory 
lb wimif the Law pf Constanlf Proportions for one compound. 
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(2) How would you determine the equivalent of potassium? 

(3) How has the Law of Conservation of Matter been verified? What are 
the modern views as to the exactness of this Law? 

(4) In what way does the existence of isotopes affect the Law of Constant 

proportions? # 

(5) What were the assumptions of Dalton’s atomic theory? How did the 

term “molecule” arise? # 

(6) What refinements would you introduce into the ordinary laboratory 
method of determining the volumetric composition of sulphur dioxide to 
make it one of greater accuracy? 

(7) Give an account of the work of Stas on the determination of equiva- 
lents and atomic weights. 

(8) Describe the various methods available for determining the atomic 
weight of an element which does not form volatile compounds. 

*(9) The following facts are known concerning a £o!id element: — * 

(a) Combined with oxygen it gives a base. 

, (b) Its specific heat is 0*119. 

# (c) 10*00 gms. of the element will unite with 4*298 gms. of oxygen. 

(d) 8*00 gms. of the element will combine with 10*159 gms. of 
chlorine. 

What collusions can be drawn from each of thesfc %ets concfming the 
atomic weight of the element? 

(10) In a determination of the atomic weight of iodine, a known weight 
of silver iodide was converted into silver chloride, wh^ph was weighed. In 
three sets of experiments, the following results were obtained:— 

Wt.ofAgl. Wt.ofAgCI. # 

9 14*41889 .... 8*80228 # # 

17*91554 . . . . 10*93678 

10*72744 . . . 6*54879 

the weights being given in grams. Assuming the atomic weights of silver 
and of chlorine to be 107*88 and 35*457 respectively, calculate the atomic 
weight of iodine from these data, correct to three places of decimals. 

(11) In the determination of the atomic weight of lanthanum by Baxter* 
and Behrens, pure lanthanum bromide was added to silver nitrate and 
4jfee precipitated silver bromide weighed. The following are some typical 
resulfs:-*- 

Wt. of LaBr 3 . Wt. of AgBr. 

4*01090 . . . . 5*96743 

* 5*19186 .... 7*72475 

* 6-57727 .... 9-78548 

the weights being givenjn gr^pos. Assuming the atomic -weights of silver * 
and bfomine to be 107-88*and 79*916 respectively, calculate the ^atomic 
weight of lanthanum. , 

(12) Roscoe, in determining the molecular weight of vanadium chloride 
used Dumas’ method, tMth the following results: weight of globe full of# 
air (9° C., 760 mm.), 24*41*22 gn^.; weight of sealed globe (9° C., 760 mm.), 
J5&-0102 gr^s.; temperature of bath when sealing globe, 215° C.; height of 
barometer when sealing globe, 762 mm.; weight #f glob© full of wafer, 
194*00 gms. # palculate«6he molecular weight of vAadium chloride (1 c.c. of 
air at N.T.P. -weighs 0*001293 gms.). 

(13) Tn the determination of the molecular height of chloroform vapour 




690 PRACTICAL WORK AND QUESTIONS 

by Hofmann’s method, the following results were obtained; weight of liquid 
in bulb, 0-2704 gms.; volume of vapour, llO e.e.; temperature of vapour, 
99*6° C.; atmospheric pressure, 747 mm.; height of mercury in the tube, 
285-2 mm. Calculate the molecular weight of the chloroform. _ 

(14) •’Honigschmid and Sachtleben determined the atomic weight of 
sulphur by synthesising silver sulphide from its elements. Some of the 
results are givefi below: — 

Wt. of Ag (gms.). Wt. of Ag 2 S (gms.). 

7*90291 . . . • 9-07742 

9-74522 . . . . 11*19855 

10-75224 . . . . 12-35021 * 

9-84439 . . . • 11-30748 



Calculate the value of tlfe ratio Ag 2 S : 2Ag, and thence the atomic weight 
of sulphur (Ag a 107-880). 

(15) Baxter and Bliss determined the atomic weight of lead from various 

sources with the following results: — r 

Wt. of Ag. for complete 

Sample. Wt. ofPbCL. precipitation. 

* # * gms. gms* 

Common . . 2-74332 . . 2-12809 

3-80741 . . 2-79852 

Kolm - . . 1-61294 . . 1 - 25&78 

1-60407 . . 1-24983 



Uraninite . . 3-74779 . . 2-91608 

f „ „ 5-63102 . . 4-3&£6 

Calculate the atomic weight of lead from each source, and explain the results. 


QUESTIONS ON CHAPTER II 

’ (1) How does a knowledge of the Laws of Electrolysis lead to the con- 

ception of the discrete nature of electricity? How has the charge on the 
electron been determined? . 

(2) What radiations are given off from radium? How is the ijatftre of 
each radiation confirmed, and how does the radiation fix the nature of the 
element formed by the disintegration? 

(3) How is it known that the electron is an elementary constituent of 

all matter? . * 

(4) Describe the historical development of the nuclear theory of the atom. 

(5) What is an' 5 isotope? What experiments have been made in an 

endeavour to separate isotopes? « m 

(6) Write an essay on atomic transmutation .* r 

(7) What do you understand by the “physical” atomic weight of an 

element? How may it be determined? r 

‘ (8) What was Front’s Hypothesis? Discuss itfrom the point of view of 
our modem conception of the structure of the atom. 

(9) What is meant by a radioactive series? Explain what happens witn 
regard to the structure 1 o£the atom when disintegration take# place. 

(10) Give an account of the phenomenon of nuclear fission. 

(11) Describe the use of radioactive isotopes as tracers in chemical 

experimentsf , * ' , m ■ 
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QUESTIONS ON CHAPTER III 

(1) Describe the evidence afforded by a study of spectra concerning the 
nature of the atom. 

(2) Show how the various line series in the hydrogen spectrum have been 
explained. 

(3) How are the electrons in an atom of an element arranged about the 
nucleus? What is the relationship between the electronic Configuration of 
such an atom and the position of the element in the periodic table? 

(4) Discuss the application of wave mechanics to the structure of the 
hydrogen atom. 

* QUESTIONS ON CHAPTER IV 

(1) Discuss the statement that 4 'the valency is the quotient of the atomic 

weight by the equivalent’ 9 . % 

(2) Trace the development of the theory of valency. 

(3) What do you understand by electrovalency, covalency, semi -polar 
linkajgbsY Give examples of compounds in which these linkages occur. 

(4) What are the main differences between efectrovalent and covalent 
compounds? Explain them as far as possible. 

(5) Give $n account of the action of water on the halites. * 

(6) What is meant by “chelate compounds 99 ? Give examples. 

(7) Why is it that the radical (X0 4 ) is of such frequent occurrence # in 
inorganic compounds? Show why it possesses special stability. % 

(8) ExplaiB. the occurrence of association in water? By # what means 
would you show that water was associated? (See Chapter IX.) 

(9) What me the characteristics of an ionising solvent? Discuss th§ 
solubility of Substances in water and in other solvents, classifying substai^pes 
according to their nature and the type of solvent which dissolves them. 
;(See; Chapter XIV.) 

(10) Give an account of the molecular orbital theory of valency. ^ 

(11) Describe what is meant by the term “resonance”; how is this concept 
important in accounting for the structure of conjugated molecules? 


CHAPTER V 


* # SUGGESTIONS FOR PRACTICAL WORK 

Experiment 10. — Determine the heat of neutralisation of (a) sodium 
hydroxide by hydrochloric acid, and (6) sodium hydroxide by acetic acid. 

Experiment 11. — Determine the heat of solution of ammonium chloride. 

Experiment 12. — Determine the heat of precipitation of silver chloride. # 

Experiment 13. — Determine the basicity of phosphoric acid. The method 
that can be applied for the performance of these experiments is described * 
in § 97« It will require bflt little modification to suit each experiment. 

' QUESTIONS ON CHAPTER V # 

(1) What is meant b f heat* of formation and heat of combustion? 
O&lqplat© tiie heat of formation of potassium hydroxide from the following 
" data'*' ''’ v " •*: ■ ® • ; r 

„ K + H 2 0 + aq = KOHaq + AH = - 48,000 
H 2 + i0 2 = H a O; AH,= - 68,380 

KOH + aq = KOHaq; AH = - 14,00® 

• • y* . 


; ■ ■■ 

A 


I 
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(2) What differences are to be noted between chemical compounds 
accor din g as they are formed with evolution or absorption of heat? Describe 
the commercial preparation of an endothermic gas. 

(3) How can it be shown whether heat is absorbed or evolved in the 
dissociation of phosphorus pentachloride? 

(4) Calculate the heat of formation of anhydrous aluminium chloride 
from the following data: — 

2A1 + BHClaq - Al 2 Cl 2 aq + 3H 2 ; AH = - 240,000 
Ho + Cl 2 = 2HC1; AH - - 44,000 

HC1 + aq - HClaq; AH - - 17,500 

41*0. 4- aq — Al 2 Cl 6 aq; AH — — 153,700 

(5) The heat of precipitation of AgCl is the same no matter whether it is 
prepared by any of the fallowing methods: — . 

(а) addition of silver nitrate to hydrochloric acid; 

(6) addition of potassium chloride to dilute silver nitrate; 

(c) addition of silver sulphate to sodium chloride solution; r * 

(d) addition of barium chloride solution to silver chlorate solution. 
Explain this. 

(б) Describe how you would determine the heat of neutralisation of an 
acid by a base. OfVhat importance is this determination? 

*( 7} In what way is the heat of reaction connected with the variation of 
the equilibrium constant of the reaction with temperature. Give examples 
of the use of this relationship to determine heats of eombustionor formation. 

(8) What is Hess’s Law? The heat of solution of anhydrous strontium 
chloride is — 11,000 gm.-cals., and that of the hexahydrate 7,300 gm.-cals. 
Calculate the h*?at of hydration of the anhydrous salt to hexahydrate. 

f$) Calculate the heats of formation of ethane, ethylene, and acetylene 
respectively from their elements at 17° C. (a) at constant pressure, (6) at 
constant volume, given the following heats of combustion: ethane —370,350 
gm.-cals.; ethylene —333,350 gm.-cals.; acetylene —310,000 gm.-cals. 

Heats of formation: carbon dioxide, —94,380 gm.-cals.; liquid water, 
—68,380 gm.-cals.; all taken at constant pressure. 


QUESTIONS ON CHAPTER VI , V 

(1) What do vou understand by a reversible process in the "thermo- 
dynamic sense? 

(2) What do you understand by chemical afeiity? How would you 

measure the affinity of a reaction? (See Chapter XVI.) * 

(3) What is the significance of entropy and how is the entropy of a 

* system measured? * r 


QUESTIONS^ ON CHAPTER VII 

(1) What are the assumptions of the kinetic theory of gases, and how 

far are they justified? Show how Boyle’s Law mpy be derived on the basis 
of this theory. r \ 

(2) What alteration in the other gas laws are necessitated in c 
quence of the fact that Beyle’s Law does not hold with accuracy? 

(3) What information concerning the atomicity oi* a gas casrbe obtained 
from a knowlecfe of its specific heats? Describe one method by which the 
ratio of the specific heats for a gas can be obtained. 

II 

IMmI || 

- 
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v (4) What do you understand by the terms “mean free path”, “root-mean- 
square velocity 5 5 ? 

(5) Show how Graham’s Law of Diffusion may be derived from kinetic 
considerations. Would you regard it as a true law, or are there deviations 
from it? 

(8) Moles and Salazar (1932), found the density of carbon monoxide 
under a pressure of one atmosphere and at 0° C., to be 1.25010 gms. per 
litre. The value for (1 -f A) was 1*0050. The gram -molecule occupies a' 
volume of 22*414 litres. Calculate the molecular weight of carbon monoxide 
and the atomic weight of carbon. 

(7) Ca^ood and Patterson (1933), give the following results for normal 
densities and “effective” compressibility coefficients: — 


.Normal t 
Density. | 1 + X. 

(gm. perl.) 


Ethylene 
Carbon dioxide 
•Nitrous oxide 
Sulphur dioxide 
Dimethyl ether 


1*2606 

V97§7 

1*9777 

2*9265 

2*1100 


Calculate molecular weights of these compounds, and the atomic 
weights of carbon, nitrogen and sulphur. m f 


QUESTIONS ON CHAPTER VIII 

( 1 ) How would you attempt to determine the molecular weight of a solid? 
How far can a solid be said to possess a molecular weight? 

(2) How has the structure of crystals been investigated? Outline somfc 
of the important results that have arisen from this work. 

m (3) Define the term “allotropy”. What classes of allotropy can be 
'distinguished? 

(4) Discuss the allotropy of nitrogen, sulphur, phosphorus, and hydrogen. 

(5) What energy considerations govern the existence of stable and 
metastable states, and how are these reflected in the physical properties of 
substances in the various states? 

(6) What is meant by the term * ‘isomorphism’ 5 ? To wh£t use can a study 

of Shis phenomenon be put? • e 

(7) Write an essay oi^the specific heats of solid elements. 


CHAPTER IX 

: ■■ '' '".■".■'Air :>■; 0 , 

SUGGESTIONS JFOR PRACTICAL WORK 

X Experiment 14. — Determination of the critical temperature of carbon 
dioxide. * * * 

Procure ^ thick walled capillary tube containing some liquid carbon 
dioxide. Place it in a water bath, and gradually raise the temperature of 
the water until the boundary between liquid and gas jusfrdisappears. Take 
the temperature o 1 ? the water. # 
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Experiment 15.— Effect of pressure on the boiling point of a liquid. 

Fit up an apparatus for distillation of water in vacuo , complete with 
manometer. Reduce the pressure, and take the boiling point of the water 
in the usual way, reading the manometer at the same time. Allow a little 
air to enter, and again determine the boiling point. Do this at intervals up 
to atmospheric pressure. 

. Experiment 16?— Determine the molecular volume of ethyl acetate. 

' The instruction^ for this are given in § 173. The most difficult part of this 
experiment is filling the bulb -tube. 

Experiment 17.— Compare the surface tensions of water and benzene. 

Use the drop weight method described in § 175. Make sure the apparatus 
is quite clean before attempting a determination. If the surface tension of 
water is known (72 dynes per cm. may be taken as a rough figure), the 
absolute rurface tension of benzene may be calculated. 

Experiment 1 8. — Determine the viscosity of benzene. 

Use the viscometer described in § 181. Find the viscosity of water from 
the tables, and calculate the absolute viscosity of benzene. r 

QUESTIONS ON CHAPTER IX 

(1) Show how the critical temperature and pressure can be^ calculated 
from van der Waals* equation. 

(2) Hpw may the critical pressure, temperature and volume of a gas be 

deterafined? .* e 

(3) Write an essay on the liquefaction of gases, pointing out the chief 
methods available, and the principles upon which they are based. 

f, (4) What properties of liquids may be made use of irf determining 
cke&icai constitution? Describe the experimental work necessary in the 
investigation of any one of these properties. 

(5) In what ways does a knowledge of surface tension assist in deciding 
'Chemical constitution? 

(6) By what methods may the molecular condition of a liquid be 
investigated? 

' (7) What do you understand by the term “association”? What types of 
liquids are associated? Indicate how the degree of association may be 
•determined. 

(8) Calculate the molecular viscosity of propionic acid C 2 H 6 .COOH from^ 

the data given in § 182. The observed value was 630. r 

(9) Calculate tlfe parachors of the given substances from the data in 
1 178. The observed values are given in brackets, (a) Ethylene (CIi 2 = 
CH 2 ) (99*5); (h) acetone (CH3.CO.CH3) (161*5); (c) nitrosyl chloride,. (Cl — 
N « O) (108-1).* 

, (10) The following data are known for the fluorides of sulphur, selenium 

and tellurium: — 


e 


0? 

Density of Liq., 2 >. 
gm./c.c. v 

Density of Vapour, d. 
gm./c.c. 

? 

Surface Tension y. 

' ; ■ dynes/cm. 

SF e 

SeJh 

TeF s . . 

1-975 
r 2-340 

2*67 

i 

0*009 

0*011 

0*013 * 

13-78 '■ Jr 
- 13-71 

^13-23 

■■ ?: :x A'**: 

r- 




h;-V i id "'■'i ■' ' 1 ix,. 

Find the parachors of^he fluorides. * 



CHAPTER X 


• SUGGESTIONS FOR PRACTICAL WORK 

Experiment 19, — To study the equilibrium between ethyl alcohol, acetic 
acid, ethyl acetate and water. * 

Set up a thermostate for 60° 0. Draw off three test-tubes, and place in 
them (1) about 3 gms. of absolute alcohol, and 1 gm. of glacial acetic acid; 
(2) i«gms. of glacial acetic acid, and 2 gms. of absolute alcohol; (3) 3 gms. 
glacial acetic acid, and 1 gm. of absolute aleoliol. Seal off the tubes and 
place them in the hermostat for a day. Remove them from the thermostat 
and break them open under water. Titrate %acif solution ■tffth normal 
caustic soda. Also titrate a known weight of glacial acetic acid with the 
same solution. Calculate the concentrations of acid, alcohol, ester and 
-water at equilibrium, ■and; see if they, obey the Mass J<aw. (Theory §§ 208: 
and 202.) # 

Experiment 20. — To study the rate of transformation of N-chloro- 
acetanilide into p-chloroacetanilide. ^ # % # 

■■■y.fFirst ■'prepare''- some ; '.: ; N-cMoroacetamlide by the following method. 
Suspend a weighed quantity of acetanilide in excess of a solution of 
potassium bicarbonate and add the calculated quantity of bleaching- 
powder solution which has been standardised against thiosulphate. Extract 1 
the product with chloroform, and recrystailis© from a mixture of chloro- 
form and petroleum ether; m.p. 91° C. Set a thermostat for 2o° C. Dissolve 
16-20 gms. of the N-ehloroacetanilid© in 100 Ac. of 20 per cent, acetic acid 
in a small flask, which is then corked and placed in the thermostat. One 
hundred c.c. of a normal solution of hydrochloric acid in a similar flask are 
*also placed in the thermostat. When the two flasks have attained the 
* temperature of the thermostat (an interval of half an hour should be 
allowed), the two solutions are mixed and the time t^en. Immediately 
withdraw 5 c.c. of the solution and run it into an excess of acidified 
potassium iodide, and titrate the liberated iodine with standard thio- 
sulphate. Further portions of 5 c.c. are withdrawn at ii^ervals of 10, 20, 
30, 45, 60, 90 and 120 minutes, and the above procedure repeated. Calculate 
the amount of substance left after each time. This will Se (a — a?). Calculate* 
the amount at time 0, bfeis wiH be a . Actually, there is no need to calculate 
the absolute concentration, since the titrations are proportional to these. 
Bee whether the results best fit the bimolecular, or the unimoleeular, 
equation. (Theory, §§ 2^7 and 212.) * \ ^ 

Experiment 21. — To study the rate of inversion of cane-sugar. 

Dissolve 20 gms. of cane-sugar in water, and make up to 100 c.c. Prepare 
’’SdsQi a normal solution of hydrochloric acid. Put two flasks, containing 
50 c.c. of eaclf solution respectively, in a thermos Jat # set for 25° C., and when 
they have detained this temperature, mix the solutions and pour into a 
polarimeter tube, which can be surrounded ^by a water jacket, through 
which flows water at 25° C. Take the rotation as soon as^oss&ble, and then 

' • .*• 
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(11) The viscosity of nitromethane is 0*00627 poise at 25° C. Its density 
is 1*1312. The formula is CH 3 N0 2 . What conclusions do you. draw as to 
its molecular complexity in the liquid state? 

(12) The viscosity of nitrobenzene (C 6 H 5 N0 2 ) is 2*0380 centipoises at 
19*50° C. Its density is 1*2. Is this liquid simple, or associated? * 
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at intervals of five minutes for half an hour, then at intervals of fifteen 
minutes. Take a final reading after the tube has been allowed to stand for 
two or three days* This gives rco, Calculate the values of r rco, and 
work out the constant from the equation c.v> : A . 



r — • to o 

Tx — rco 


2*303. r a ~ rco 


* (Theory, § 207.) f*ure sugar should be employed. 

Experiment 22.— Investigate the rate of decomposition of hydrogen 
peroxide* 

Hydrogen peroxide does not decompose at an appreciable rat© a$ ordinary 
temperatures without the adition of a catalyst. A suitable catalyst is 
colloidal platinum, which is easily prepared by sparking between two 
platinunf wires under wafer (or see § 350). 

Take about 50 c.e. of “20 volume 55 hydrogen peroxide and make up to 
1 litre. Take 100 c.c. of this in a conical flask and place in the thermostat 
at 25° C. Add 2 c.c. of colloidal platinum, and withdraw 5 c.c., mix it with 
excess of dilute sulphuric heid and titrate with N/20 permanganate. Note 
the time at which the withdrawal was made, and take further quantities of 
5 c.c. at intervals of five minutes, or at increasing intervals. Calculate the 
amount of hydrogen peroxide left at each time, and see whether the data 
obtained fit the unimolecular equation. Instead of calculating the con- 
centration the actual litre may be used. To obtain the initial concentration, 
titrate some of the original solution with the permanganate before adding 




the catalyst. * 

The effect of temperature on this decomposition may also^e studied by 
rep^atu% the experiments with a further quantity of hydrogen peroxide 
placed in a thermostat regulated for a different temperature. If the 
temperature is now made 35° 0., the temperature coefficient may be 
obtained. (Theory, § 207.) 

Experiment 23. — To study the rate of hydrolysis of ethyl acetate by 
an alkali. 

Prepare some N/2 sodium hydroxide solution free from carbonate. The 
Solution must be kept free from air, and may be used in an automatic 
burette (see A. J. Mee, School Science Review, December, 1933). After 
standardising this, measure out enough to prepare 250 c.c. of N/10 sodiuip 
hydroxide in a measuring flask, and made up to the mark. DissolveT 
4*4 gins, of freshly distilled ethyl acetate in 500 c.c. boiled distilled water. - 
This will make an N/10 solution. Put 200 e.c. of each solution in separate 
conical flasks capable of holding 500 c.c., and put both in the thermostat 
at 25° C. Whilst these are attaining the temperature of the bath, measure 
out 25 c.c. ofN/fO hydrochloric acid into five small conical flasks. Now mix 
Ahe ethyl acetate s£id the sodium hydroxide thoroughly, take the tftne, 
withdraw 25 c.c. and run it into the acid in* one qf the small flasks. This 
immediately stops the reaction. The time should be taken when the 
pipette is half empty. Now titrate the excess of acid by means of N/10 
sodium hydroxide free from carbonate. Take out other portions at intervals 

a quarter of an hour. 

Calculate the velocity constant from the<himol£eular equation. (Theory, 

i r 

^ Experiment 24. — Ex&mine the reaction between sodium- formate and 
silver acetate. : ■' , 

Prepare N/10 solutions of sodium formate and of silver Tcetate, and 
standardise themfby the usual methods. Set a thermostat for 80° C. Take 
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100 e.c. of each solution in separate conical flasks, and allow them to 
attain the temperature of the thermostat. The flasks should be securely 
corked. Mix, and note the time. Withdraw 10 e.c., run it into cold potassium 
thiocyanate (50 c.c. of N/10), and note the time when the pipette is half 
empty. Titrate the excess thiocyanate with standard silver* nitrate. 
Calculate the concentrations of formate and acetate left, and see if the 
reaction follows the termolecular equation, * 


(Theory, § 209.) 

Experiment 25. — Determine the order of the reaction 6HI -f HBr0 3 = 
HBr 4- 3H 2 0 + 3I 2 . 

This is done by determining the time taken to^complete a give$. fraction 
of the reaction.. Prepare N/10 solutions of potassium iodide, potassium 
bromate, and hydrochloric acid, and a N/100 solution of thiosulphate. 

In a 350-c.c. conical flask place 25 c.c. of the iodide solution and 100 c.c. 
of acid, and add 100 c.c. of water. In another similar flask place 25 c.c. of 
bromate solution, and put both flasks in the thermostat at 25° C. When 
both have attained the temperature of the bath, mix, and note the time of 
mixing. A4 intervals of two, and later five, minutest take out 2? c.c. of the 
mixture, run it into 50 c.c. of ice-cold water to stop the reaction. Determine 
the amount of iodine by titration with thiosulphate. 

Now prepare another solution with only half the concentration of 
bromate, i.e.> 50 c.c. iodide, 200 c.c. of hydrochloric acid, and 225 c.c. of 
water and 25 c.c. bromate. Repeat the observations with this mixture. 

From the j&sults of the titrations, calculate the number of gram^equiv-a- 
tents of hycfrogen iodide used up. Plot these against the time in minutes, 
and find the time taken for, say, one-third of the hydrogen iodide to be 
oxidised in both cases. 

The product of the concentration of the reactants in the first case is 
twice that in the second, and so, if the reaction is bimolecuiar, the time 
required for any definite fraction of the reaction to be completed should be 
twice as great in the second case as in the first. See whether this is the case* 
(Theory, § 207.) 


SUGGESTIONS FOR FURTHER PRACTICAL WORK 

Investigate the following: — # 

(а) The reduction of ferric chloride by stannous chloride. 

(б) The order of the reaction in the case of hydrolysis of methyl acetate 

by means of an acid catalyst. * 

($) The temperature coefficient of the hydrolysis $f ethyl acetate by 4 
sodium hydroxide. ^ 

(d) •The mutarotation of .glucose. _ * 

(e) The catalytic decomposition of hydrogen peroxide using the gas 
burette to determine the volume of oxygcSn evolved in a given time. 

(/ ) The order of th<J*%eaction given under (a) by taking excess of thc^ 
reagents in turn. * » 


: ^ QUESTIONS ON CHAPTER X 

(1) What do you understand by a reversibly reaction! Give ex* 
such reactions. # 
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(2) What contributions were made to chemistry by Berthollet, Berthelot, 
and Goldberg and Waage? State the Law of Mass Action, and show how 
it may he derived qualitatively from the kinetic theory. 

(3) What are the factors which influence chemical equilibrium? Illustrate 
your afiswer by examples. ■■ 

(4) Illustrate the importance of the Law of Mass Action in technical 
processes. r 

(5) mat do you understand by the order of a reaction? Show how you 
would determine the order of the reaction between methyl alcohol and 

acetic add. 

(6) What is a unimolecular reaction? Give examples of this type of 
reaction. What explanation of them has been given? 

(7) Give an account of the radiation theory of chemical reaction, and 

explain its defects. r 

(8) What is meant by heat of activation? How can it be determined? 

(9) What is the importance of a knowledge of the temerature coefficient 

of a chemical reaction? ^ - 

(10) The following data have been obtained for the thermal decom- 
position of malonic acid, which takes place according to the equation 

* CH* 2 (CGOH) 2 — > CH 2 COOH + C0 2 

i, min. ? . 10 20 35 56 <*> 

' m Pressure, mm. . 37*0 67*0 108*0 155*0 302*0 

Find the order of the reaction. All the reactants are in the vapour phase. 
(The data are # due to Hinshelwood.) 

(11) The following data have been obtained for the reaction between 

acetic ar&ydridg and water (Sidgwick and Bivett): * 

m a 0*1160 

t ** 0 . . 87 417 '544 / 852 secs. 

aj‘« 0*02378 0*07748 0*08848 0*10360 

a is the quantity of acetic anhydride present initially, and x that used up at 
time i after the commencement of the reaction, both quantities in gram- 
molecules. Find the order of the reaction, and whether it agrees with the 
-chemical equat ion. If not, attempt an explanation. 

(12) How would you attempt to find the order of the reaction between 
chloroform and alcoholic potash? What result would you expect to fincj, 
and why? . 

(13) The following results for the velocity constant of the reaction 

* 2N 8 C* = 2N 2 Q 4 + 0 2 , 

were found by Daniels and Johnston. 

Temp. 0 C.* 65° 45° 25° 0° 

k m 0*292 0*0299 0*00203 0*000047^- 

In calculating k, the times were expressed yi minutes. Calculate the heat 
of activation from these results. r . « . 

(14) Hinshelwood and Burk found the following values for the effect of 
temperature on the velocity constant of the reaction 

* 2N a O = 2X., + 0 2 . e 

Temp. °Abs. 1,125° 1,053° ^,030° r ' 1,001° 838° 

ho g m (k x 10 3 ) 4*064 3*223 2*940 2*580 ^0*040 ff S 

The times were measured in seconds, and the concentrations in gram- 
molecules per litre. Calculate the heat of activation for th^two gram- 
molecules, assuming that the Arrhenius equation holds at these tem- 

tliiii&liiaii; * . * • V'"', v ' A. k‘x: : 
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(15) In determining the rate of reaction of ethyl bromide and potassium 
hydroxide, equal quantities of N/1G solutions of the reactants were used, 
and 20 c.c, of the reacting liquid were withdrawn at definite times (t) from 

N 

the start, and titrated with acid. The volume of acid, x, required is 
shown in the table: — 


Time , t, 
mins. 


Calculate the order of the reaction and the value of the velocity constant, 
(The data dre due to Hinshelwood and Grant.) » '* 

(16) Blandon and Thompson investigated the order of the reaction 
between methyl iodide and pyridine. The following data were obtained:— 
a and b&xe the concentrations in gram-molecules per litre of # methyl 
iodide and pyridine respectively. 
t is the time, in minutes, 

x is the concentration, in gram-molecules per litre, of* the qu^erna% T 
iodide (C 6 H 6 NCH 3 I) formed. • 

The reaction was carried out at 60° C. 

a = 0-03222 
b = 0-3013 


Make calculations to see whether this reaction follows the bimolecular law, 
and calculate the velocity constant. 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 26. — To l^termine the transition point between rhombic ana 
monoclmic sulphur. * 

^ Although the experimental methods of determining transition point are 
given in Chapter VUL, the actual work is best yarned out here, as it ? is a 
Phase Rui^problem. # 

The simplest method is the dilatometric method, and the simple dilato- 
meter described J?y Sherwood Taylor (“Elementary Practical Physical 
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Chemistry”, p. 76) may be conveniently employed. It is made by con- 
necting a test-tube with a fairly long capillary tube which has been bent at 

right angles as shown in the diagram. . _ , ,, 

Boil some sulphuric acid (1 to 3) to free it from air. Powder some ro l 
sulphur, and put it in the tube (about two-thirds of the tube should be full). 
Add some of the sulphuric acid, and warm to get rid of air. Pour off most 
of the acid, and fill with fresh “boiled-out” acid. Insert the cork and 
capillary tube and arrange that the thread of acid is at the zero of the scale, 
or thereabouts, when placed in some calcium chloride solution warmed to 

about 80° C. in a beaker. « , 

Warm the solution slowly on a sand bath, note the temperature at 
intervals, and the position of the thread of acid. When the transition takes 

place the expansion is greater. 
Plot the increase in volume per 
1 * e half degree rise in temperature and 

, s determine the transition point, 

(Theory, § 148.) 

I Experiment 27. — To determine 

j '■ • ' the dissociation pressure of copper 

=r?' fflpS sulphate hyrates. 

EE£- „ # Obtain a tensimeter and place 

IS * in one of the bulbs, copper sulphate 

pentahydrate which has been 
= allowed to stand for a short time in 

* a desiccator. This ensures that a 

Fig. P25. Dilatometer. small amount of trihydrate will be 

nmftcnt. Crttv out the experiment 


mmm 


Fig. P25. — Dilatometer. 



* n * as described in § 148.^ 

Experiment 28. — To study the mutual solubility of benzene, water and 
acetic acid. 

Have two burettes, one filled with water, and the other with glacial acetic 
acid. Put 5 c.c. of benzene in a conical flask provided with a cork, add 1 c.c. 
of water, and ran in glacial acetic acid until a clear solution is obtained on 
shaking. Note the volume required. This gives one composition for the 
♦mutual solubility. Add another 2 c.c. of water to the mixture, and then 
add more acetic acid until on shaking the solution is clear. Repeat with 
other concentrations. Plot the data on a triangular diagram. Since these 
experiments are carried out at constant temperature, the isqth^rmaf 
diagram is all that is required. (Theory, § 222.) 


QUESTIONS ON CHAPTER XI 

(1) What do yo# understand by the terms “phase”, “component”, 
* “degree of freedom”, “equilibrium”? What is the Phase Rule? Give one 

examplg of its application, .... * 

(2) What is the explanation of efflorescence and deliquescence? 

(3) What do you mean by a tipple point? What triple points are to be 
observed in the sulphur system? 

(4) Draw a sketch and explain the principal features of the freezing point 

diagram for a mixture of two metals which do not form solid^solutioB#* 
How is the diagram modified if a chemical compound is formed? * 

($) How may the Phase- Rule be applied to a double salt and its solution 
in water? What type of diagram would you expect? 

(6) From the Phase Ruh diagram for sulphur answer the following 
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questions: (a) is monoelinie sulphur more dense than rhombic sulphur? 
(6) is rhombic sulphur more dense than liquid sulphur? (c) is monoelinie 
sulphur more dense than liquid sulphur? Give reasons. 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 29. — To study the system phenol -water. 

Prepare sealed tubes containing the following amounts of phenol and 
water (approx.): — 

Phenol, gins. Water gms. 


Take the first tube, place it in a beaker of watef of Ahiph the te&iperature 
(observed) is gradually raised. Shake, and note the temperature when the 
turbidity suddenly disappears. Note also the temperature at which the two 
layers appea^ once more on cooling. Repeat these wjth the othei^ubes, 
taking in every case the mean of the temperatures of appearance and dis- 
appearance of the turbidity as the temperature at which complete misci- 
bility occurs. 1£lot the temperatures against the concentrations, expressed 
as percentages. The maximum of the curve is the critical solution tcanp^a- 
ture. (Theory, § 244.) 

Experiment 30. — To determine the solubility of ammonia in water and in 
methyl alcohol. 

Use the method described in § 229. Generate the ammonia by warming 
the concentrated solution. 

Experiment 31. — To determine the solubility of oxalic acid in water. 

Adjust a thermostat for 25° C., and carry out the experiment as described* 
in § 256. Estimate the oxalic acid by means of standard permanganate. It 
Hs an«int ©resting experiment to determine also the solubility of oxalic acid 
in N/ 10 Sulphuric acid. Explain the result (Chapter XV). 

Experiment 32. — 1 To determine the molecular weight qf nitrobenzene by 
steam distillation, 

Full*instructions are given in § 254, Instead of nitrobenzene, chloro- 
benzene may be used satisfactorily. * . . 

.Experiment 33. — To verify the extraction formula with succinic acid and 

Try»200 c.c. ether, firSt all together, and then in five lots of 40 c.c., and 
see which is the more e&£?tive. The experiment is not altogether satis- 
factory owing to the solubility of ether in^water. 

The experiment may %Lso be carried out with bromine water and carbon^ 
tetrachloride. * 


* QUESTIONS ON CHAPTER Nil 
(!) State'feenry’s Law. How far does it explain accurately the 
brium between a gas and a solvent? • * % 
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(2) How would you attempt to verify Dalton’s Law of Partial Pressures? 
How- may this law be deduced on the basis of the kinetic theory? 

(3) Discuss the absorption of hydrogen by palladium. 

(4) What are the characteristics of the solubility curves of (a) sodium 
sulphate in water, (5) phenol in water, (e) nicotine in water? 

(5) Give the theory of fractional distillation. 

(6) How in%y the molecular weight of a substance volatile in steam he 
obtained from p, steam distillation experiment? What are the. conditions 
that this experiment should give an accurate result? 

(7) Deduce the general equation for extraction of a solid from solution 

by means of a liquid immiscible with the original solvent, with n extractions 
of v c.e. each. ■ ■ ■ ' . ■ « 

(8) How would you distinguish between a solid solution and a solid 
chemical compound? 

(9) Ei an investigation of the system anthraeene-phenanthrene, Bradley 
and Marsh (J. (7. S., 1933, 650) obtained the following data:— 


Per cent, anthracene \by 
Per cent, phenanthrene j wt 
F.p., c C. . 

M.p,, 0 C. . 

Per cent. • sfiith- , 
racene by wt. . ’ 20*5| 27*1 
Per cent. Phenan- 
threne by wt. . 79*5 

F.p., ° C * . . 134*0 

R.p., 0 C. . A 113*5l 


0*56 

2*30 

3*13 

5*06 

5*82 

9*54 

**11*7 

4 99*44 

97*70 

96*87 

94*94 

94*18 

90*46 

88*3 

98*3 

101*2 

102*6 

106*2 

106*8 

114*8 

119*2 

07*8 

' f • 

99*2 

100*0 

101*4 

102*0 

105*0 

107*2 

28*9 

36*4 

44*4 

58*5 

72*3 

81*2 

94*3 

1 7M 

63*4 

55*6 

41*5 

27*7 

18*8 

5*68 

t 147*8 

159*4 

170*0 

186*4 

1 199*2 

204*8 

213*2 

5 120*8 

126*2 

133*2 

147*8 

! 170*0 

182*2 

207*6 


13 
86 ' 
120 - 
107' 

100*0 

0*00 

218*0 

218*0 


J)raw the liquids-solidus curves, and discuss them. Also, fSyl the melting 
pqint of pure phenanthrene. 


CHAPTER XIII 

SUGGESTIONS FOR PRACTICAL WORK 

• Experiment 34. — Determine the molecular weight of urea by the vapour r 
pressure method. 

Fit up the apparatus as described in § 281. The dynamical metho<J is U* 
be used. Aspirate air through the apparatus slowly for about six hours. 

Experiment 35.— Determine the molecular weight of urea in water by the 
freezing point method. 

Use the method described in § 288. Rast’s method should also be tried, 
using naphthalene in camphor. 

Also show that potassium chloride in water gives anomalous results. * 

, Experiment 36.—Determme the molecular weight of cane-sugar in water 
using the Landsberger method. * t 0 

Details for all these experiments will be found in the text, and the 
student is advised also to try several others which will he found in the text- 
books of Practical Physical Cheifiistry, such as tj^at by Sherwood Taylor, 
# or by Findlay. 


• QUESTIONS ON CHAPTER XIII * 

(1) Describe a method of finding the molecular weight of a substance 
in solution. * 


£0 l> ©* so 
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When 0*25 gm. of a substance was dissolved in 100 gms. of water, the 
freezing point of the latter was lowered by 0*43° C, Find the molecular 
weight of the substance (molecular depression for water — 18*5° C.). 

(2) What methods are available for the determination of the molecular 
weight of (a) a gas, (6) a non-volatile electrolyte? Describe in detail one 
method for the latter class. 

(3) Write an essay on the properties of dilute solutions. 9 

(4) Show how the osmotic pressure of a solution is connected with the 
elevation of the boiling point. 

(5) The boiling point of acetone is 56*38° C. A solution of 0*564 gm. of a 
compound in 8*6 gms. of acetone boiled at 56*75° C. What was the molecular 
weight of tlife compound? (Molecular elevation for acetone — 16*7° G.) 

(6) How may observations of the vapour pressure of a solution be used 

to give information concerning the molecular weight of the substance 
dissolved? * * 

(7) How are the latent heats of evaporation and fusion of a substance 
connected with the molecular elevation and depression respectively? 

(8) ihe following results were obtained by Morse in experiments on the 

osmotic pressure of mannitol ( C 6 H 14: Oe } : — * 


C&motie Pressure, 
40° C. 


Grams Mannitol 
in 100 gms. Water. 


Osmotic Pressure, 
10° C. 


Show that these data agree with the Laws of Osmotic Pressure. 

(9) Raoult found that a solution of 11*346 gms. of turpentine in 100 gms. 
of ether, (C 3 H 5 ) 2 0, had a vapour pressure of 360*1 mm. At the temperature 
of the experiment, the vapour pressure of pure ether was 383 mm. Calculate 
the molecular weight of turpentine. _ ‘ 

Will and Bredig (1889), using the dynamic method of determining 
the vap<5ur pressure lowering of alcoholic solutions, found the following 
results: — m 


Weight dissolved in 
30 gms. alcohol, 
Gms. 


•'.Substance. 


Nitrobenzene 
Benzoic acid 
Acetamide 
Atropine 
Vanillin 
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(11) Beckmann (1890) found the molecular weight of iodine as follows: 
1-063 gms. of iodine were dissolved in 30-14 gms. of ether. The boiling 
point of the ether was raised by 0-296° C. The molecular weight of ether is 
74, and the molecular elevation constant 21-1° O. Calculate the molecular 

weight of iodine. . , 

(12) Andrews found the heat of vaporisation of 1 gm. of carbon disulphide 
to be 86-72 cafe. Its boiling point is 46° C. Calculate the molecular eleva- 
tion constant. • 

Beckmann found that 1*4475 gms. of white phosphorus dissolved m 
54*65 gms. carbon disulphide raised the boiling point by 0*486° 0. Calculate 
the molecular weight of white phosphorus. 

(13) Pirsch found that 0*685 milligrams of anthraquinone dissolved in 
8*943 milligrams of eamphorquinone lowered the melting point of the latter 
by 16*6° C*. If the molecular depression for eamphorquinone is 457° C., 
calculate the molecular tveight of anthraquinone. 

(14) 0*806 milligrams of naphthalene (C 10 H 8 ), when dissolved in 9*930 
milligrams of bomylamine, produced a depression of the freezing joint of 
32*5° C. Calculate the molecular depression, for bomylamine. 

(15) In determining the molecular weights of the alkaloids caffeine and 
morphine, Pirsch obtained the following results: — 

• $o3Ven£ — Bomylamine. K — 406° C. * 


# ' 

# 



| Wt. of Solute. | 

Wt. of Solvent. : 

Depression of 

m 

• 


| Mgms. 

Mgms. : 

•Freezing point. 

°C. 


'';C«^eine . , . 

0*568 

7-132 

16-1 

Morphine . 

0*876 

10-624 

11-6 


Calculate the molecular weights of these substances. The theoretical values 
are: caffeine 212, morphine 303. ' . 

# (16) H. J. S. King, in research on ammines, found the apparent molecular 

weight of diamminocupric acetate by the boiling point method. 0*3998 gm. * 
of the salt was dissolved in 21*05 gms. of anhydrous alcohol. The boiling 
point was raised by 0*035° 0. The molecular elevation for alcohol is 1 P5° CT 
Calculate the apparent molecular weight of the salt. r 

(17) The molecular -weight of selenium oxychloride, SeOCl 2 , in dry 
benzene, was determined by Henley and Sugden (J. G. S 1929, 1064), 
using the freezing point method. The following results were obtained: — 


ConSt. (gms.' per 1 00 gms. 
of Benzene). 

: Depression* 

. °c* 

# 

1*925 

o-w8° 

4*713 

1-«S45° 

6*06 

* 1-641° 

£ 



Calculate the molecular weight of selenium oxychloride from^SETch of these 
observations . To what conclusion do they lead concerning the molecular 
condIMon of leledium oxychloride in benzene solution? * 
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SUGGESTIONS FOR PRACTICAL WORK 

Experiment 37. — Determine the conductivity of a solution of copper 
sulphate, and calculate its molecular and equivalent conductivities (§ 298). 

Experiment 38. — Determine the variation of equivalent* conductivity of 
copper sulphate with temperature. 

Repeat the above experiment, placing the cell in baths of various tempera- 
tures. Plot the equivalent conductivity against temperature. 

Experiment 39. — Determine the transport numbers of the silver and 
nitrate ions (§ 307). 


QUESTIONS ON CHAPTER XIY 

(1) State Faraday’s Laws of Electrolysis. How may they be verified? 

(2) Explain what takes place when an electric*current is passed succes- 

sively through solutions of copper sulphate, silver nitrate, lead acetate and 
sodium ehlcg’ide, the electrodes being of platinum* What is the relationship 
between the quantities of substances liberated? * 

(3) What is meant by the term “degree of dissociation”? How may it be 

determined? ■ 'A • 

(4) How is 0 it possible to determine the equivalent conductivity of* acetic 

acid at infinite dilution? * 

(5) In whatPway does the electrical conductivity of a solution vary with 

dilution? H&v can the variation be explained? * * * 

(6) What is meant by the term “ionic mobility”? How may the ionic 
mobilities be determined, and of what use are they? 

(7) How may the actual mobility of the hydrogen ion be demonstrated? 

(8) When an electric current is passed through a solution of zinc chloride 
between carbon electrodes, a certain minimum potential is necessary to 
effect decomposition. Why is this? 

. (9) Calculate the osmotic pressure of an Mj 10 solution of urea,* 

CO(NH 2 ) 2 at 0° C. Why is it that the osmotic pressure of M/10 solution 

pojbassium chloride is almost twice as great as this? 

(10) A 1 per cent, solution of sodium chloride freezes at — 0*604° C. The 
molecular depression of water is 18*5° (100 gms.). Calculate the degree of 
dissociation of the sodium chloride. 

(11) What is meant by the transport number of an ion? How may it be 
determined? 

Ip. a transport number experiment a solution of silver nitrate containing 
0*0074 gm. per gram of water was used. During the experiment 0*0785 gm. 
of silver was deposited# in a silver voltameter placed in series with the 1 
transport apparatus. Aftei the experiment, 25 gms. of the anode Solution 
contained 0*2553 gm. of silver nitrate. Find the transport numbers of the 
silver and nitrate ions. 'Jhe electrodes wSre of silver. 

(12) The velocity of Emigration of the silver ion 18° C. is 0*000577 cm.* 
per sec., and that of the nitrs&e ion 0*000630 cm. per sec. What is the - 
specific ecfciductance of a 0-1 M silver nitrate solution if the van’t Hoff i 
factor is 1 • 5 ? All observations are made at the sa^e^emperature. • 

(13) Discuss the results of conductivity work in non-aqueous solutions. 

(14) In what ways does a knowledge of the^leetrical conductivity of an 

alloy give information as to its nature? ® ® 
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(15) Nemst and Loeb, in determining the transport numbers of the silver 
and nitrate ions, found the following results: Before the experiment, 1 gm. 
of the anode solution contained 0-001788 gm. of silver nitrate. After the 
experiment 20-09 gms. of solution taken from the anode compartment 
contained 0-06227 gm. of silver nitrate. 0-0322 gm. of silver was deposited 
in a voltameter placed in the circuit. Calculate the transport numbers of 
the silver. and nitrate ions,. 

' p.6) The osmotic pressures .of solutions. of potassium nitrate, at 15° 0., 
are given in the following tables: — 

Cone, (%) Pressure (cms.) # 


a 


c * 0*80 130*4 

1*43 218*5 

3*3 436*8 

ym ” 

Calculate the apparent molecular weight of potassium nitrate from each of 
these observations, and explain the results. # 

CHAPTER XV 

— * • 

- SUGGESTIONS FOR PRACTICAL WORK 

Experiment 40. — Carry out an electrometric titration of so<fium hydroxide 
by^iyc&ochloric acid. (See Chapter XIV.) 

Experiment 41. — Determine the degree of hydrolysis of aniline hydro- 
chloride by the distribution method (§ 328). 




QUESTIONS ON CHAPTER XV 

* (I) In what ways does the failure of Ostwald’s Dilution Law to explain 
tljp behaviour of strong electrolytes necessitate revision of Arrhenius’ 
hypothesis? 

(2) What is meant by the term “degree of hydrolysis”? How w$ul9. you 
determine the degree of hydrolysis of aniline hydrochloride? 

(3) What meinbds are available for the quantitative determination of 
hydrolysis? ■ V-/.. ^ / . 

(4) How may the ionic product for water be determined? Why i#this an 
important figurS? 

(5) What do you mean by the term “solubility product”? ShowTaow 

the concept can be used to explain many of the^processes of qualitative 
analysis. a • 

(6) How would you attempt to verify the constancy of the solubility 
product for silver chloride? 

* (7) Calculate the pH at '25° C. of mixtures of ^ 

(gt) 164 c.c. N/5 acetic acid and 86 e,e, Nj5 sodium acetate. 

{ b ) 59 c.c. Nj 5 acetic acid and 141 c.c. JV/5 sodium acetal. * m 
* (c) 9 c.c. N jo acetic acid and 191 c.c. N / 5 sodium acetate. 

The dissociation eonstaht of acetic acid at 25° C. isf»l*8 x 
(S) The variation of the dissociation constants of acetic acid (K a ) and 
ammonia (K$% w®th temperature are given in the following Table: — 
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Calculate the degree of hydrolysis of Ml 10 solutions of ammonium acetate 
at 18° C., 100° C. and 156° C. What effect has temperature on the degree 
of hydrolysis? 

(9) Williams and Soper ( J.G.S . , 1930, 2469) determined the hydrolysis 
constant of*o -ehlor oanilin© hydrochloride by the distribution method. The 
distribution coefficient of the free amine between water and benzene was 
first determined. 1,000 c.c. of water were used, and 60 c.c. £enzene 
(cdunted as 59 c.c. to make up for solution of benzene in the aqueous layer). 
The following were the results: — 


Calculate the*distribution coefficient and obtain its mean value, in the 
second part of the experiment unequal amounts of hydrochloric acid and 
the amine were mixed in the aqueous layer (1,000 c.c.) and shaken with 
60 c.c, benzene. c % and c 2 are the total initial molar concentrations of 
hydrogen chloride and the amine respectively. 


Wt. of RNH 2 CI from 
50 c.c. Benzene, gms. 


0-01122 

0-02569 

0-02281 

0-01534 


0-01206 
6 02ml 
0-02896 
0*01853 


Calculate the hydrolysis constant K h from each of thesC* readings, and find 
its mean value. m 

Assuming that K v at the temperature of the experiment (25°' C.) is 
1*005 x 10” 14 , calculate the dissociation constant of o-chloroanilin© 
hydroxide. : ; v<: 

(10) How far is it true to say that the strength of an acid is determined by 
the hydrogen ion concentration cf its solution? 

By what methods may hydrogen ion concentration be determined? 
Indicate the importance of hydrogen ion concentr^f idh. values. * 

(12) Defittfiteihe termS “acid” and “base”. Criticise the usually accepted 

definitions. ^ 

(13) Discuss the neutralisation of an acid by a base. * *■ 


Temp., °C. 

18° 

100° 

156 

a * \ 

K a 

1-72 x 10-5 

1-3.5. x 10 -s 

8-28 X 

10-6 

K b 

1-83 x 10-5 

Ml x 10-5 

5-36 ' x. 

10-« 

« .. 
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QUESTIONS ON CHAPTER XU 

m Give an account of the working of a voltaic cell- 

(2) What physico-chemical information can be derived from measnre- 

me (3f How' ^oSd'wudSermine the solubility product of sil ver chloride? 

(4) Of what ipterest is a table of oxidation-reduction potentials? 


CHAPTER XVII 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 42. — Prepare some colloidal solutions according to the instruc- 

tions given in this chapter, . . . 

Erperiment 43. — Compare the effects of solutions of potassium chloride, 
calcium chloride, and aluminium chloride in coagulating an arsenic sul- 


^ Make up some arsenic sulphide sol and place 10 c.e. of it in each of nine 
clean test-tubes. Add" to tfhe tubes the following mixtures:— * 



Jp) 5 0.6. 0*1 M KC1 + 5 c.c. water. 

(b) JL c.c. 2-0 M KCi + 9 c.c. water. 

(c) "■ 2 c.c. 2-0 If KCI + 8 c.c. water. r 

(d) 0*5 c.Cr 0*1 M CaCl 2 + 9*5 c.c. water. 

(e) 2*0 c.c. 0*1 M CaCl 2 + 8*0 c.c. water. 

* { /) «j4*0 c.c. 0*1 M CaCl 2 + 0*0 c.c. water. # 

0*5 c.c. 0*001 M Aid* + 9*5 c.c. water. 

(h) 2*0 c.c. 0*001 M A1C1 3 + 8*0 c.c. water. 

(i) 4*0 c.c. 0*001 M AICI3 + 6*0 c.c. water. 

Find the least concentrations of the various salts necessary for precipita- 
tion. Compare with theorv (§ 357). (The above figures are taken from 
Sherwood Taylor, “Elementary Practical Physical Chemistry’ 5 . Oxford 
University Press.) ^ : ;; u : "4 ;: k4 : . ■ 


QUESTIONS ON' CHAPTER XVII 

(1) Describe fctfe preparation of a colloidal solution of arsenic sulphide. 
What is the effect of the addition of electrolytes to this sol? 

(2) Classify the various types of colloidal solution. What methods 
indicate the heterogeneous nature of colloidal solutions? . 

(3) Classify the various methods of producing colloidal solutions # and 

give examples of each. r 

(4) What is meant by the gold number of ^ colloid? How wouSEd you 
determine it? 

(5) State the Hardy-Schulze L&w, and discuss It. 

(6) How may the Avogadro number be det&mined from a study 0+ 

colloidal particles? » 9 

(7) How may the sign of the charge on a colloidal particle be dgtop- 

xniaed? Discuss the pdtt played by the charge in determining the stability 
of a colloid. * , V *v.:'4 / ; m 

(S) Discuss the applications of colloid chemistry to qualitative and 
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(9) What is the essential difference between the extraction of iodine from 
a, solution by means of chloroform and that by finely divided charcoal?’ 

(10) Give an account of the adsorption of a gas on a solid surface. 

(11) Write an essay on surface films at an air -water interface. 


SUGGESTIONS FOR PRACTICAL WORK 

Experiment 44. — To determine the effect of a catalyst on the rate of a 
■chemical reaction. 

A good reaction to study is that recommended by Sherwood Taylor, 
* ‘Elementary Practical Physical Chemistry’', viz., * * 

KoS 2 0 8 + 2KI « 2K 2 S0 4 + I 2 . 

This reaction is not termoleeular, as indicated by the equation, but is 
bimolecular. It is catalysed by cupric or ferrous ions. The rate of the 
reaction is conveniently studied by taking out portions from time to time 
•and titrating against standard thiosulphate. This gives the amount of 
iodine liberated. * /.;# 

Make up & solution of potassium persulphate 0*05 rtfolar, and one of 
potassium iodide 0*1 molar. The reaction should be carried out at.room 
temperature. Mix 50 c.c. of the persulphate, and 50 c.c. of the iodide and 
20 c.c. of water. Note the time of mixing, and withdraw 10 c.c. at a lime 
at intervals of five minutes and titrate with Nj50 thiosulphate. Note the 
time of remova^ as that when the first drop of thiosulphate is added. Bee 
whether the results fit the bimolecular equation, and calculate a value for ' 
the velocity constant. 

Now repeat the experiment using instead of the 20 c.c. of water 20 c.c. 
of 0-5 per cent, solution of copper sulphate. 

In calculating the amount of iodine, calculate the amount formed by the 
•action of the copper sulphate on the iodide and subtract that from the 
amount titrated. 

See whether the bimolecular equation still holds, and calculate the new 
velocity constant. 


SUGGESTIONS FOR FURTHER PRACTICAL WORK 

Study the effect of the following substances as catalysts on the muta- 
rotation $f glucose: 

(1) N Potassium chloride. ^ , 

(2) *Njl0 Hydrochloric acid. 

(3) N Sodium acetate, -approximately neutralised by addition of N/20 

acetic acid. * 


QUESTIONS ON CHAPTER XVIII 

(1) What js meant by the term “catalysis”? What criteria of catalytic 

beha\uour have been laid down? Discuss their applicability. t 

(2) Write amaccount *f water as a catalyst. 

(3) Discussthe work on catalysis by hydrogeimons and by neutral salts. 

(4) What mechanism can be ascribed to heterogeneous catalysis? 
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QUESTIONS ON CHAPTER XIX 

(1) What laws concern the absorption and reflection of light? Dismiss 
their accuracy, 

(2) Indicate briefly how a study of absorption spectra can furnish 
information concerning the structure of compounds. 

(3) Describe any one photochemical system with which you are 
acquainted. 

(4) Write an essay on the application of the quantum theory to photo- 
chemical processes. 

(5) Write notes on fluorescence, phosphorescence, and chemi- 
luminescence, giving some account of their explanation. 

(0) How do you account for the fact that in the combination of hydrogen 
and eftlorine by expostSre to ultra-violet light more than 10 5 molecules* are 
formed per quantum of energy absorbed? 


QUESTIONS ON CHAPTER XX 

(1) Show in what ways a knowledge of the dielectric constant of a 
substance may throw light on its constitution. 

f (2) 'Water has a dipole moment of 1-98. What does this statement mean, 
and X ha t does it imply ? 

(3) Describe t he various types of spectra emitted by atomi and molecules. 
Explain the" differences between them. 

(4) Show how the structure of a simple molecule can be investigated bv a 

” a&udy of spectra. • 



ANSWERS TO NUMERICAL EXAMPLES 


Chapter L ^ 

0. (a) It is a metal; hence Dulong and Petit’s Law holds. * 

(b) Rough value for atomic weight is 53*79. 

(c) Equivalent is 18*61; hence valency is 3, and correct atomic weight 

is #5*83. ' 

(d) Equivalent is 27*92; hence valency is 2, and correct atomic weight 

is 55*84. 

10. ,126*918; 126*920; 126*917. * * 

11. 138*923; 138*909; 138*931. 

12. 176*1. 

13. 123#. 

14. Ag 2 S: 2Ag - 1*158617; 1*148620; 1*148617; 1*148622. 

At. weight = 32*066; 32*066; 32*066; 32*067. 

15. Common, 207*222; 207*209. : # # .v^xV/ 

Kolm, 2dfe*990; 205*999. 

Uraninite, 206*194; 206*196. , 


Chapter V. i 

1. — 102,380 j^n.-cals. 

4. — 323,300^m.-cals. * m 

8. — 18,300 gm.-cals. 

9. Constant pressure: — Ethane, —23,550 gm.-cals. Ethylene, 7,830 gin. 

cals. Acetylene, 52,860 gm.-cals. 

Constant volume:- — -Ethane, —22,390 gm.-cals. Ethylene, 8,410 gtn. 
cals. Acetylene, 52,860 gm.-cals. f 


Chapter VU, 

2?*880; 11*88. 

(a) Ethylene, 28*051; (b) carbon dioxide, 44*014; (c) nitrous oxide, 
44*016; (d) sulphur dioxide, 64*004; { e ) dimethyl ether, 64*003. 
Atomic weights: Carbon (from a), 12*010; (from 6), 12*014; (from e), 
* 1 1*98; Nitrogen (from c), 14*008; Sulphur (from d) 32*00. 


712 


PRACTICAL WORK AND QUESTIONS 


CiUli- 


Chapter X. 

10. The reaction is unimolecnlar. 

11. The reaction Is unimolecnlar (h == 0-01148). 

13. 24,700 gm.-cals. 

14. 58,500 gm.-cals. 

15. The reaction is bimolecular (Jc x 10 3 — 2*85, 2*88, 2*91, 2*92). 

« 16. The reaction is bimolecular; using the equation 

1 b(a — x) 

Jc _ 6 , t loge - ^—Ty k x 104 = 4 '2S, 4-32, 4-33, 4-39, 4-4(h 



Chapter XII. 



Chapter XV. , 

7. (a)' 4-05; (6) 5*16; (c) 6-20. • 

8. K h = 3-177 x 10-5; 6-674, X 10-5; 3-74 x 10"*. The degree oi 

hydrolysis, h, corresponding to the abo*e hydrolysis constants is 
5-64 x 10-5; 8-17 x 10-3; 1 . 93 .x 10" 2 . * * 

The values of h given, have been calculated by neglecting., h in com- 
parison withainity. ^ • 

9r Distribution coefficient:— 121, 119, 115, 121. Msan, 119." 

K h x 103: — 2-83, 2*53, 2*76, 2*70. Mean, 2-71. ' * 


9. 97-3° C. 


9 Chapter XHL 

1. 10*75. 

5. 296.® * ® 

9. 132. 

It). Nitrobenzene, 122; Benzoic acid, 107; Acetamide, 58; Atropine, 275; 

• Vanillin, 130. 

1 1 ykl .Q 

12] 29*56° C.*; 161*1. 

13. 210*9. * 


.Iff Caffeine, 207; morphine, 289. 

16. 624. 

17. 170*5; 179*5; 189*1. 


Chapter XIV, 


2*241 atmos. at 0° C. (using E 

10. 0*91. 

11. Ag+, 0-431; NO* 0-569. 

12. 0*005825 xnliqg. 

15. Ag+, 0*478; ND 3 , 0*522. 

16. 110*24; 117*6; 135*7. 


• 0*0821 litre-atmos. per degree). 
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* ATOMIC WEIGHTS, 1949 

Taken by kind permission from the Journal of the Chemical 
Society. . ' ■ ■ " V'V • 

Atomic weights in brackets denote the mass number of the most 
stable known isotope. 


Sym- Atomic I Atom«c 
bol weight I number 


Atomic 

weight 


Atomic 

number 


Name 


Name 
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* j: 

The names of persons are given in italics, except where the name is an integral ' ; 

part of the reference. The numbers refer to pages. » > j ! 



Abbe Nottet , 464 
Abegg , valency, 143 
Abnormal molecular weights, 494 
Absolute alcohol, 438 
velocity of ions, 579 
Absorption and adsorption, 623 
coefficient, 405 
of light, 645 
.Lambert’s Law, 646 
spectra, 337, 647 

ah(f constitution, 338 
Acetaldehyde, thermal decomposition 
of, 380 

Acetone, bromination of, 372 
thermal decomposition of, 362 
Acids and bases, 544 
— base catalysis, 643 

* Actinides, 98 
Actinium, 48 * 

series, 62, 65, 68 
Activation energy, 375 
Active mass, 348 
Activities, 571 
theory of, 359 

Activity coefficient, 360, 495, 534 
Adiabatic demagnetisation, 302, 305 
Additive volumes, law of, 403 
Adsorption by colloids, 621 
indicators, 627 
isotherms, 624 ffi 
" mechanism of, 420 

argon by charcoal, 625 

* * of gases, 419, 623 
■ law, 631 

theory of catalysis, 639 
types of, 626 
Affinity, chemical, 347 
Alkali htlides, molecular weight of, 314 
Allotropy, 588 
'tj^es of, 271 
of sulphur, 282 
AUoys,*cond activity of, 52? 

Alpha disintegration, mechamSm of, 63 
— particles, scattering of, 59 
— -rays, 49 ff, 

„ e/m for, 49 
Americium, 98 
Amipo-acid§, 563, 564 
Ammonia, density of, 234 
shape of molecule, 157 
synthesis IS? 353 
— water system. 


Ammonium hydrosulphide, dissocia- 
tion of, 359 

sulphate — ammonium chloride — 
water system, 397 
nitrate— silver nitrate— water sys- 
tem, 399 

nitrate, solubility of, 446 ^ 

transition 1 points of, 279 
Amorphous solids, 238 
substances, 243 
Amphiprotic solvents, 545 
Ampholyte;?, 562 
Amphoteric electrolytes, 562 
Analysis, colloids in, 620 
Andrews , experiments wit/h carbon 
dioxide, 293 

Aniline hydrochloride, hydrolysis of, 
550 T, 

Anode, 499 * 

Anthracene, polymerisation of, 658 
Antimony, allotrophy of, 286 
trisulphide, eolloidri, 603 
Aprotic solvents, 545 
Area of molecules, 631 
Armstrong, osmotic pressure, 470 
Arrhenius , 376, 501 
Arsenious sulphide, colloidal, 603 
sol, coagulation of, 618 
Associated liquids, 322 
Association, 495 
of liquids, 340 ff. 

Aston, 82, 84 
positive ray analysis, 76 
Asymmetry of molecules, 332 
Atomic number, 25, 26, 69, 71 
nature, 69 
polarisation, 671 
structure, 58 ft. 

Theory, ancient. If/* 

Dalton’s, 12** 
transmutation, 91 

detection of, 95 „ , . .. 

volumes of alkali metals, 155 
weights, chemical and physical, 85 
** definition, 14 

determination of, 14 
of nitrog— 



Bredig arc method for colloids, 604 
Brickwedde, 89 

Bronsted, acids and bases, 543 
Brownian movement, 227, 611 
Buffer solutions, 553 
Buoyancy method for density of a gas, 
18 

Burt and Edgar, composition of water, 
• 34 ' ’ 

preparation of hydrogen, 33 


Auxochromes, 648 
Avogadro’s Hypothesis, 1 3, 2 1 1 
deviations from, 232 
Avogadro’s Humber, 39, 58, 226, 613 
Axis of symmetry,, 246 
Azeotropic mixture, 431 ff. 
Azo£sd|)ropane, decomposition of, 364 
Azomethane, decomposition of, 363 


Barium sulphate, precipitation of, 596 Caittetet and Mathias, 295 
Bassett, 400 Cailletet and Pictet, 302 * 

Bearden , charge on electron, 58 Californium, 98 

Beckmann’s method for elevation of Calcium carbonate, dissociation of, 358 
boi^ng point, 488 « salts, solution of, 445 »* 

Beckmann thermometer, 484 Calomel electrode, 584 

Becquerel, 48 Camphor as solvent in determination 

Beer’s law, 646 of freezing point, 491 # . 

Behn and Geiger , velocity of sound in Cane sugar, inversion of, 363 
gases, 224 9 Carlisle, 34, 38 

Benzene substitution, 681 Carbon, allotropy of, 284 

Benzophe^one, allotropy o& 273 valency of, 158 

Bergmann, 347 * dioxide — water system, 415 

Berkeley and Bartley, osmotic pressure, monoxide, density of, 19 
466 molecular weight of, 19 

' Berkefrlam, 98 « Carnot’s cycle, 185 1 ' ** 

Bertheloi, 348 # efficiency of, 186 

equation, 2 $2 Catalysis, 633 ff. 

Berthollet, 3, 348 criteria of, 635 r 

BerylliTtm, atomTc weight of ,22 mechanism of, 638 r 

BSrulius, 22, 38, 634 Catalysts, poisoning of, 641 

Beta-rays, 49, 51 ff. Cafcaphoresis, 615 

Betatron, 93 Cathode, 499 

Bujelow , osmotic pressure, 470 rays, 41 ff., 58 

Bimolecular reactions, 366 determination of e/m, 43 ff. 

Birge and Menzel, hydrogen isotope, 89 Cavendish, 5, 34 
Black body radiation, 103 Cell constant, 504 

* Blackett, 99 Centre of symmetry, 246 

BJagden, depression of freezing point, Chadwick , discovery of neutron, 62 

491 Chain reactions, 380, 657 

Bktnksma, 365 Charles’ Law, 211 # r * 

Bodenstein, 350, 368 Charges on colloidal particles, 615 

Boerhaave, 301 « Chelate compounds, 166 

Boiling points, correction to normal Chemical affinity, 347, 580 
pressure, 312 change, mechanism of, 374 

elevation of, 1$8, 482 combination, laws of, 1 ff. 

of a liquid, effect of pressure on, 310 Chemical compounds, formation of f 419 

of associated liquids, 343 kinetics, 346 ff. " ' " 

of related substances, 311 Cheimlumiriigscence, 662 

Bohr, 107 Chemiso^)tion, 626 0 

structure of atom, 61 H-chloroacetanilide, isomerism of, 365 

Bomb calorimeter, 171 # Chlorophyll, 659 

Bombardment of matter by a-rays, 59 Christiansens and Kramers, 379 

Bomylamine, 492 ■ Chromatography, 627 , - 

Bathe, discovery of neutron, 61 Chrumophores, 648 

Boyle’s Law, 209 Clapeyron — Clausius equation, 497, 

deviations from, 229 m 310 * 

modification of, 230 m Claude, 303 • 

Brackett series, 112 Clausius, electrolytic theory, 501 

Bmg§, Sir W.JH. ajid W, L., 2C9 I — Mosotti relationship, 671 



Clement and Desormes , specific heat of 
gases, 220 
Clouet , 301 

Coagulation of colloids by electrolytes, 
618 

Cockroft and Walton, 64, 93 
Colladon , 302 

Colligative properties, 463 ff. 

Collision frequency, 225 
Colloid mills, 605 
Colloidal antimony sulphide, 603 
arsenious sulphide, 603 
dispersions, types of, 597 
electrolytes, 597 
ferric hydroxide, 602 
gold, 601 . 

, manganese dioxide, 603 
metals, 601 

particles, distribution under gravity, 
,614 

shaj)e of, 610 
size of, 595 
platinum, 601 
silver, 601 
silica, 6(?4 

solutions, colours of, 610 
preparation of, 600 
stannic acid, 603 
sulphur, 602 
vanadic acid, 603 
Colloids, 594 C. 
and analysis, 620 
classification of, 597 
electrical properties of, 615 
molecular weight of, 605 
Colorimetric method for solubility, 
443 

Colour of ions, 152 
Combining volumes, law of, 10, 13 
Complete miscibility, 428 
Complex compound, 164 
. ions, 140, 565, 589 
shits, 564 

Components in a system, 383 
Compressibility coefficient, 234 
Concentration cell, 573 ff., 575 

of jolutions, methods of expressing. 

Conduction, electrical, 499 ff. 

* of electricity through gases, 40 
through liquids, ^8 ff. 
Conductivity, 503 ^ 

and temperature, 511 
variation with dilution, 507 
and viscosity, 511 % 

- cell, 504 ‘ 

of electrolytes, determination t)f, 503 
► -»of medals, effect of temperature on, 
527 % 

water, 

Conductometric titrations, 590 
Conductor, types of, 499 


Conjugate acid, 544 
base, 544 

double bonds, 138 
solutions, 425 
Consecutive reactions, 371 
Conservation of matter. Law of, 1 
Consolute temperature, 425 * 
Constant Proportions, Law of, 8 
Contact process,* 359 
Continuity of state, -»296 
Convergence frequency. 111 
Co-ordinate valency, 148 
compounds, 141 
Co-ordination compounds, 149 
; : -:ninhber^X4I: 

Capper ferrocyanide membrane, 465 
sulphate hydrate, dissociation of, 358 
C orresponding states, 299 
Cosmic racdaiiohrW r 
Cottrell’s method, elevation of boiling 
point, 485 

Counter, l&eiger-Muller, 95, 96 
proportional, 96 & 

Covalent^bond, 156 — - — ” 

linkages, 147 ■» * 

■" radii, 263 
Crafts’ rule, 312 
Critical constants, table of, 296 
pressure, 293 ff., 295 
solution temperaturb, 425 
temperature, 293 ff., 295 
volume, 295 # % 

Crookes dark space, 41, 46 V ' 

Cryohydrates, 447, 448 
Cryohydric point, 392, 447 
Crystallisation, process, of, 240 
Crystalloids, 595 
Crystals, structure of, 247 
structure and chemical constitution, 

■ : 289 ' • 

symmetry, 244 ff. 
systems, 244 
vapour pressures of, 291 
Cumming, dew point method, 481 
Curie , Mme., 48,^2 
Curie and Joliot , 94 
Curium, 98 

Cyanine dyes, photosensitisafcion, 659 
Cyclic processes, 1S^> 

Cyclotron, 93 * 

Czerny , 665 1 


Dalton , 4, 5,12, 412 
Daniell Cell , 572 ff. . 
Davisson and Cermet, 125 
Davy, 38, 302 
de Broglie , 262 

wave mechanics, 124 
Debye, 3*5, 667 

dipole moments, 673 
DebyGmd Huckel^5 10, 535 ff. 



INDEX 


Dualistic theory ot oompmawou, ™ 
Didong and Petit, Specific Heat Law, 
20, 266 
D umas , 21 

method for vapour density, 28 
Dunstan’s equation, 328 
Dutoit and Mojoiu, 340 
Dyes, colloidal nature of, 599 
Dynamic allotropy* 274 ■■ 

Effect of temperature on solubility 


Debye and Scherrer, 258 # ‘ j 

de Coffet, depression of freezing point, 

Decomposition potential, ^591 I 

Degree of dispersion, 596 j 

Degree of dissociation, apparent, o08 
Degree df freedom, 382, 384 j 

Degree of hydrolysis, 546 ff. j 

de How, 302, 304 - j 

#> Deliquescence, 395> 

Delta rays, 52 , ; ■ wf:' r | 

Dempster, H ' ; 

positive ray apparatus, 78 

Depression of freezing pointy 199, 490 
experimental determination, 4JI 
Detergent action, 632 
Deuterium, 89 e 

Deviation from Avogadro s Hypothesis, 
232 

Dew point method for vapour pressure, 

481 : - * ! 

Dialysis, 599 

Diamond, crystal structure of, 260, *-oi 
Dianthracene, 659 » - 

Dielectric constant, 668 
detern^ination of, 669 
■ effect on ionisation, 523 
and solubility, 441 * 
variation with temperature, .674 
Dieterici’s Equation, 232 
' . vapour pressure Aw*- — 7 - ■.* - 
Diffuse juries, 120 r ' ■ i 

Diffusion, coefficient of, 605, 612 
law of, 211 
■ Dilatometer, 276 
Dilution Law, 529 ff 
validity of, 532 

Dimethyl ether, thermal decomposi- 
tion, 362 

Dipole moments, 668^ 
determination of, 670 
table of, 676 

Disintegration, radioactive, 62 ; 
Displacement of metals,' 590 
Dissociation, degree <rf, 507 

electrolytic, 501 Lff 

of phosphorus pentaehloride, 6ol, 

' ^ 354 : 

theory, evidence in favour, 524 
Distillation, 429 * 

Distribution, 536 

law, 452, 474 / / - 7, ■ 

of a solid between tun non-miscible 
solvents, 451 

Dixon, specific heats of gases, 223 
jbebereiner, law of triads, 23 
Dolique , 428 
Double salts, 584 

Drop* weight method for Surface ten- 
sion, 319 : # -r';-/, 


! Efflorescence, 394 

j Eggert, classification of photochemical 
processes, 655 
1 Eigenfunction, 128 
j Einstein, law of photochemical equiva- 
lent, 655 „ n : r 

i Electrical properties of colloids, 61 o. 

I Electrochemistry, applications of, 580 
1 Electrodes, 499 
* Electrode potentials, 574 
j calomel, 584 

glass, 585 # 

| hydrogen, 583 
quinhy drone, 584 
| Electrolysis, laws of, 38, 502 
: Electrolytes, 499 s 

strong, 503 

Electromotive force, 572 ff. 

determination, 478 E1 ^° r ^Aon of cbarg#on 53 ff. 

diffraction, 125 
in crystals, 262 
gas, 526 

polarisation, 671 
spin, 121 a 

-beam interference, 667 
Electronegative series, 574 
Electro -osmosis, 617 
Electrophoresis, 615 
Electrovaleney, 145 # • 

Electro valent bond, 146 # 

and ionisation, 150 . 

and covalent compounds, distinction 
between, 154 

Element, definition of, 11 ^ 

molecular weight of, 317 
Elevation, molecular, 483 ^ 0 

Elevation of boiling point, 198,482 
and osmotic pressure, 487 
Elliptical orbits, 123 
> Elsasser , L25 

Emulsion, 632 
Enantiotrop^ 272 

Endothermic couple, 175 « * 

Energy level, 110, 119 
Energy and radiation, 96 # • * 

and wavelength, 649 • 

Entropy, 189 # mm 

calculation of, 191 
changes in irreversible processes, 



Gamma rays, 49, 52 ff., 93 

GamoWy 64 

'Gas constant, 213 

and osmotic pressure, 468 
Gases, kinetic theory of, 208 ff. 

Gas law and osmotic pressure 4aw, 467 
471 

Gases, liquefaction c|f, 293 ff., 301 
specific heats of, %L4 ff. 

Gay-Lussac , 34 
law, 10, 13 

deviations from, 237 
Gel, 594 * 

Geiger ana Marsden , 59 
Geiger-Muller, counter, 95, 96 
Geig&r-Huttail relationship, 63 
Gerliardt, theory of types, 1 % 4 
Giauque , 305 
Gibbs, 340, 382. 

adsorption law, 621 
Gibbs-Heknholtz relationship, 196 
Gladstone and Dale , 335 
Glass electrode, 585 
Glass spring fenwmeter, 3J* 

Glucose, mutarotation of, 364 
Gold, colloidal, 601 
number, 619 • 

Graham, 422 * * 

colloids, 594 ' * 

law of diffusion, 211 . V;.' 

Graphite, structure 260, 26£ • 

Grotthus Chain theory, 500 • 

Grothus -Draper Law, 645 
Gudden and Paid , 653 
Guldberg and Waage,M8 
Guye and Pintza , volumeter, 17 


Enzyme catalysis, 638 
Eosin, indicator, 627 
Eotvos equation, 322 
Equations for reactions of various 
orders, 371 

Equilibria, ionic, 529 ff. 

Equilibrium, 199 
chemical, 346 
constant, 204, 349 ff. 
effect of pressure on, 352 
effect of temperature on, 355 
Equipartition of energy, 216 
Equivalents, determination of, 8 
Equivalent conductivity, 503 
at infinite dilution, 507 
proportions, law of, 5 
Estermann , 675 

Ethyl acetate, hydrolysis of, 363, 367 
rate of formation, 349 
Eutectic point, 391 1 

Exothermic couples, 175 
Extinction coefficient, 646 
Extraction, 455 . U-v-/ hlph 


Fajast’s rule, 154, 264 
Faraday y 38, *0, 302, 499 
Faraday, the, 39, 43 
Fatty acids, surface films, 630 
Fehling’s solution, 166 
Ferric cliloride, reduction by stannous 
chloride, 370 
solution of, 448 

Ferric hydroxide, colloidal, 602 
Fibre structure, 261 
Fission, nuclear, 98 
First order reaction, 360 
Fluorescein, indicator, 627 
Fluorescence, 650, 653 • 

J^ormation, heat of, 173, 176 
•Fourier analysis and crystal structure, 

2m.' 

fractionating columns, 434 
Fractional crystallisation of solid solu- 
tions, 461 

Fractional distifiation, 433 ff. 

Frank and Cario, 654 
**Fi%nkland, 134 
Free energy, 270, 580 
functions, 194 # 

of mixing, 497 ® 

Free radicals, 380 
Freezing mixtures, 448 
. point curves of solutions, 460 
"depression of, 199, ® - 

Fresnel’s xelection law, 645 ' D 

Freundlich , 6^8 

adsorption isotherm^ 624 
Friedel-Cffiffe reaction, 636 
Friedrich and Knipping, .249 
Fundamental serie^, 120 


Haber synthesis, 353 * 

HaUwachSy 651 

Half-life of radioactive elements, VZ 
Half-wave potential, 593 
Hammick and Illingworth, benzene sub 
stitution, 68J 
Hardy and Schulze , 618 
Hartley, non-aqueous solutions, 524 
.rale, 339 

Hauy, 289 • 

Heats of atomi^tion, 179 

of combustion, 172 « 

of formation, 173 # 

of linkages, 179 
of ionisation of water, 54.3 
# of neutralisation, 176, 541 
of reaction, 170 • 

Heat summation, law of, 174 < 

Heavy water, 89 ff. 

Heisenberg, #natrix mechanics, 12JJ ■ 
uncertanty principle, 127 
Helium, 50 ■ 

atomic structure of, 69 t \ 

solidification off 305* 
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Independent mobility of ions, 512 
Indicators, table of, 561 
theory of, 559 
Indigo, forms of, 339 
Indium, atomic weight ot, Zb 
Inert pair, 153 _ 

Infra-red absorption spectra, 648 
Intermediate compound theory of 


Heterogeneous equilibria, n. 

application of law of Mass Action, 
358 

catalysis, 634, 636 
Heydiveillsr t 1 C 

Himhelwoodf 361 ff., 377 
Hirn’s equation, 231 
HiUorft transport numbers, 515 
Hofmann^ method for vapour density, 
30 . 

Homogeneous catalysis, 634, 643 
Rower and Laby, charge on electron, 
68 # 

Humboldt, 34 

Hydration, of ions, 521 r f 
Hydriodic leid, action of hydrogen 
peroxide on, 372 
Hyfirogefi, allotropy of, 285 
atom- finergy levels of, 118 
bond, 164 

combination frith chlorine, 380 
electrode, 583 

%nd iodine combination, 350 
jo*, concentration, 537, 583 
calculation of, 538 
determination of, 540 
f isotope* 8, 89 
occlusion of, 422 
ortho and para, 130 
overvoltage, 592 
preparation oft 33- ■■ : - 
• spectrum of, 110 
tneory of, 113 ff. 

Hydrogen bromide, photochemical syn 
thesis, 656 

Hydrogen chloride^ \ ' photochemica 
formation, 657 

Hydrogen iodide equilibrium, 350 ff. 
decomposition, 368 
photochemical decomposition, 656 

Hydrogen peroxide, catalytic decoir 
position, 366 

Hydrolysj^, 546 
degree of, 546 ff. 

Hydrophilic groups, 598 

Hydrophobic groups, 598 


Iodine chloride, polymorphism of, 273 
Ionic equilibrium, 530 ff. 
mobilities, 512 

product for water, 542, 552 r 

radii, 263 

Ionisation, effect of dielectric constant 


of water, 541 
Ions, 500 


absolute velocity of, 518 
hydration of, 520 * 

Iron, cooling curve of, 275 
Irreversible processes, entropy changes 
in, 193 

Isatin, structure of, 339 ‘ 

Isobares, 71 

Isoehore, 203 * 

Isoelectric point, 615 0 

Isomerides, 4 


Isomers, molecular weight of, 315 
Isomorphism, applications of, 291 
law of, 21, 289 
Isopolymorphism, 156 
Isoteniscope, 308 

Isothermal diagrams, phase rule, 316 
Isotherms for carbon dioxide, 294 
Isotonic solutions, 465 
Isotopes, 14, 71, 72 ff. 

detection of, 75 r 

effect on law of constant proportions 

table of, 79, SO, 81 
separation of, 86 ^ 

Joliot, 62 

Joly steam calorimeter, 219 r 

Joule’s equivalent, 168 
Joule-Thomscfa effect, 231, 302, 304 


K SERIES, 48. 72, 117 

Kallmann anU Reicke, 674 r .. 

Kau$mann>%4& 

Kautsky , 662 9 9 * 

Katayama’s equation, 322 
Kekide, 135 

Keto-enol, tautomerism, S3?, 337, 339 
Kinetic derivation of law of mass 
action, 349 
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Law of — continued , 

reciprocal proportions, 5 
successive reactions, 283 


Kirchoff ’s relationships, 182 
Klaproth, 48 

Koch’s apparatus for viscosity, 325 

Kolbe , 135 

Kohlrausch, 504 

Kopp , molecular volumes, 314 

Kossel , 144 

Krypton, atomic weight of, 84 
Kundt’s tube, 224 


vapour pressure lowering, 472 • 
le/Chatelier’s principle, 355, 3§7, 389, 
410, 412, 445, 451 
Lewis, G. N 144, 36(L 377 
heavy water, 89, 9(f 
Lewis , W. <7. McO., $78 
Light, absorption of, 337, 645 
polarisation of, 329 
rejBractiqn of, 334 
Limiting density, 233 
Linde process for liquefaction, 305 
Lindemann , 378 

Linkages, cftpole moments of? 679 
heat of formation of, 1 79 
Liquidus, 460 
Liquids, associated, 328 
association of, 340 ff. 

Liquid crystals, 238 
Liquids, molecular weight of, 339 
molecular vblujne of, 31# 
structure of, 343 

Lithium, spectral series of, 120 * 

structure of isotopes, 74 • 

Lodge , velocity c?f ions, 519 * 

Lorentz, H. A., 335 • 

Lorentz -Lorenz, refraction equation, 
67i * t • 

Lorenz, L,, 335 ' Ly;V;y# : y'y 

Lowry , acids and bases, 544 
mutarotation, 644 

hummer and Pringsheim , specific heat 
of gases, 221 
Lyman series, 111 
Lyophobic sols, 600 


L series, 48, 72, 117 
Lambert’s absorption law, 645 
Landsberger method, elevation of boil- 
ing point, 485 
Langmuir, adsorption, 421 
•isotherm, 625 Ljyy; 

theory of catalysis, 640 
trough for surface films, 630 
Lanthanides, 98 
Lapworth, 312 

Latent heat of evaporation, 311 
Lattice blocks, 441 
energies, $65 

Laue, crystal structure, 247 
Lavoisier, 1 

Law of additive volumes, 403 
Beer’s, 6461 
Boyle’s, 209 

deviations from, 126 
modification of, 127 
chemical combination, 1 ff. 
combining volumes, 10, 13 
conservation of matter, 1 
constant propositions, 3 
dilution, 529 ff. 

validity of, 532 
distribution, 452, 474 
Duiong and Petit, specific heat, 20, 
266 

electrolysis, 38, 500 
ST equivalent proportions, 5 
Fresnel’s reflection, 645 
Gay Lussac’s, deviations from, 237 
*Gibbs adsorption, 621 
Grotthus-Draper, 645 
Hardy and Schulze, 65 
heat summation, 174 
^ Henry’s, 411, 418, 537 

independent mobilities, 512 
isomorphism, 21, 289 * 

Lambert’s absorption, 640* 
mass action, 347, 417 
and kinetic theory, 349 
thermodynamically, 2101 
‘multiple proportions, 4* * 

* octaves # 23, 59 
osmotic pressure, 467 
partial pressure®, 307, 402 
periodidfH, 23 

photochemical equivalents, 378, 655 

Raoult’s, 472 


M SERIES, 72, 117 
Macfarlane and Wright , 404 
Macleod’s equation, 321 
Magnesium-tin alloys, 393 
Magnetic quantum number, 122 
rotation, 333 

and structure, 334 
Magnetism of ions, >52 
Maleic-fumaric jicid isomerism, 658 
Manganese dioxide, colloidal, 603 « 

Mass Action, law of, 347 
Mass and radiation, 72 
Mass spectrograph, 76, 77 
Mathias, 295 

Matter and waves, 124 • 

Maximum multiplicity, principle of,- 123^ 
Maxwell’s relationship, 196 
McBain, A<^orption, 622, 623 
Mean fre% path, calculation of, 225 
Meitner, 94 

Melting points compared with transi- 
tion points, 280 •. 




Neptunium, 97 
Nemst heat theorem, 193 
Neutralisation, 545 
heat of, 176, 541 
pH changes in, 556 
Neutrino, 99 
Neutron, 61, 93 
Newlands, law of octaves, 23 
Nicholson, 34, 38 
Nicol prism, 330 
Nicotine-water system, 427 
Nitric acid, structure of, 647 
Nitrogen, allotropy of, 285 # 
atomic weight of, 235 
Nitrogen pentoxide, thermal decom- 
position, 361 

Nitrous oxide, decomposition of, 369* 
thermal decomposition, 376 
Non-aqueous solutions, 522 

degree of dissociation in, 524 # * 
Non-polar linkage, 147 
Non-variant system, 385 
Northmore , 301 
Noyes, 370, 372 * 

composition of water, 33 
Nuclear fission, 98 
reactors, 98 

theory of atom, 60 ff. § 

Nucleus, nature of, 70 
structure of, 100 


MendeUef, 23 

Menzies, vapour pressure, 480 
Mesomorphic states, 238 
Mesons, 100 

Metallic conduction, 525 
'. Metals, mechanical strains in, 288 
Metastability, 287 
Methyl orange, 560 
Micelles, 598 # 

f Microbalanee, 18* 

Mie , 610 
Millikan , 652 
Avogadro’s number, 229 
charge on electron, 54 ff. 

Mitscherlich, 289 
Mixed crystals, 290 . 

Mobility ^of ions, 512 • 

Mol fraction, 463 

Molecular absorption coefficient, 646 
beam method for dipole moments, 67 4 
elevation, 483 # 

magnetic rotation, 334 
orbitals, 156 

rotation#332 # * • 

refractivity, 335 
spectr#,, 664 
weights, abnormal, 494 
determination by Raoult’s law, 
476,477* 
elements, 317 

9 froqp. steam distillation, 440 
# from osmotic pressure, 468 ff. 
of isomers, 315 
of liquids, 314, 340 
m velocities, 212 
volume, 341 
definition, 313 
of alkali halides, 314 
m detemiixiation of, 317 
Molecules, mass of, 229 
foment of inertia of, 665 
structure of, 664 ff. 

Moles and Sancho, density of ammonia, 
234 

Monoferomhexahydr^Jbenzene, 658 
Monochloracetic acid, photochemical 
hydrolysis of, 658 
Monotropy, 273 • 

Morley, composition of water, 33 
JMiorse and Frazer, 468 9 
osmotic pressure, 466 
Moseley, X-ray spectra, 69, 71 
Multiple proportions, law of, 4 
Murphy , 89 • 

Jflntarotation, 364, 365 

Mutual solubility, determination of, 427 


Octaves, law of, 23, 53 
Oliphcmt , 93 
Onnes , Kamerlingh,, 304 
Onsager, 511 
Optical activity, 329. ff 
and chemical constitution, 332 
Orbits, elliptical, 118 
Orbitals, atomic, 128, 129 
molecular, 156 

Order of reaction, 360 • ® 

determination of, 373 « 

Orientation polarisation, 671 
Ortho-aminophthalic cyclic hydrazine, 
662 

Osmosis, 464 • 

Osmotic pressure, 463 ff. 
and depression of freezing point, 492K 
determination of, 465 ff. 
effect of concentration on, 467 # 
effect o&dissoeiation on, 508 
effect of temperature on, 467 
and elevation of boiling point, 487 
laws of, 40f 

th^pries o$ 469 . 0 

Osmotic pressure and vapom* pressure 
lowering, 475 
Ostwald, 373, 405, 597 
Dilution law, %29 ff 
viscometer, 327 
theory of indicators, 559 


N sifaras, 117 * # 

Nature of a gas and solubility, 407 
Negative catalysts, 643 
Neon, density *f, 236 . 9 
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Ostwald and Walker, vapour pressure, 
480 

Overvoltage, 592 

Oxidation and reduction potentials, 
577 

Oxygen, solubility of at various pres- 
sures, 413 
standard, 7, 75 
Ozone, decomposition of, 369 
structural formula of, 182 

Packing- fraction, .82 
Palladium, occlusion of hydrogen by, 
422 

Paper chromatography, 628, 629 
Parachor, 322 ff., 341 
Partial pressures, law of, 307, 402 
determination of, 403 
Partial valency, 138 
Partially miscible liquids, vapour pres- 
sure of, 438 

Partition chromatography, 628 
function, 206 
Pasehen seri#s. 111 
Passivity, 263 

Pauli exclusion principles, 122 
Pauling, 166 

Pentery thritolf structure of, 675 
Peptisation, 599, 605 
Periodic law, 14 23 
Periodic Table % z3 et seq., 59, 72, 122 
and radioactivity, 64 
and valency, 139 
Perkin , magnetic rotation, 333 
Perrin ; 378, 379, 613 

determination of Avogadro’s num- 
ber, 227 
Pfeffer, 468 

osmotic pressure, 465 

* pH, 537 ff. 

calculation of, 538 

• f determination of, 540, 583 
Phases im a system, 382, 383 

k Plj 0 .se Rule, 382 ff., 423 
application of, 402 
“reduced”, 391 
Phenol^hthalein, 559 
Phenol-water system, 424 

-^hdftphine, thermal decomposition of, 

■ 362 , 373 

Phosphorescence, 650, 65# 

Phosphors, 654 # 

Phosphorus, allotropy of, 284 
Photochemical equivalent, law qf, 378, 

. 655 * 

processes, 650, 654 • • 

.yield, 655 

Photochemistry, 645 ff. 

Photo-electric cells, 651 
effect, 65tf • 

Photographic emulsions, sensitisation, 
659 


Photophysical processes, 650, 651 
Photo-sensitisation, 659 , 

Photosynthesis, 659 
Physical method for determining atomic 
weight, 26 

Pile, reactor, 98 « 

Pinene, racemisation of, 362 
Pitchblende, 48 
Platinum, colloidal, m)2 
Planck , 105, 501 * 

Constant, 105 
Plate column, 435 
Plutonium-98 
Poiseuitte, 325 
Poisoning of catalysts, 641 
Polar bond, 146 
Polarimeter? 331 * 

Polarisation, 499, 591 
of light, 329 
Polarograph, 592 
Polonium, 48 
Polymers, viscosity of, 329 
Polymorphism, 269 
Polymorplfs, ehergy content, of, 270 
Positive electrons, 94, 95, 99 
Positive rays, 45 • * 

analysis, 

Positron, 94, 95,^9 # 

Potassium cuprocyanid^, 565 
chloride, conductivity of, 506 
iodide, solubility ir* various iplvenie 
441 • ' i 

Potential energy well, 63 
curve, 63, 64 

Potentiometrie titration, 589 « 

Principal series, 120 
Promoters, 641 

Pxopionaldehyde, thermal decomposi- 
tion of, 362 • 

Proportional counter, 96 t 

Protection of colloids, 619 ** 

Proteins, molecular weight of, 608 
Protogenic solvents, 545 
Protophilic solvents, 546 
Protons, 61, 92, 93 
Proust, 3 
Prout, 7, 75, 82 
Prussian blue sol, 60# 

Pseudo-unimoleqplar reactions, 363 
; /: ■ : ■ A:'-;.-' ;:3 ; , ■■■■./'■>; ; 

Quantum efficiency, 655 * 

number, 110 ff. 
theory, 103 

and photochemistry, 648 # 

and structure of atom, 107 ff. 
Quinhydrone electrode, 584 • 

Racemic impounds, 332 # 

Radiation chemistry, 660 
Radiation, cosmic, 99 

from radioactive%ubstances, 4t 

' m ■ ■ * 

- ■ ■ : , 

* 
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Radiations, wavelengths of, 104 
Radioactive disintegration, 6- 
method for solubility , 444 
Radioactivity, 48 ff. 
artificial, 94 ff. 
and periodic table, 64 
Radio-isotopes, use of, 101 
Radium, 48 
Radon, 62 ' 

Raman spectra, o5t>, oo/ . 

Bxrmay W Shields, surface tension 
"equation, 308, 340 

Mammy and W^vap^xr pressure 
of freezing point, 


Saxt hydrates, 392, 394 

Saturation capacity, 135 
Schonbein, 635 
Schroedinger equation, 128 
Scott , Alex *7 34 r . 

Second law of thermodynamics- 
statistical nature of, 204 
Second order reactions, 366 
Secondary radiation, 52 
rays, 47 

Sedimentation, 606 . 

Selenium, atomic weight ot, 2#* 
cell, 653 

Semi-permeability, theories of, 469 


determination, 303, 3i 2 . 

Raoult, depression of freezing point, 

491 ;, r ■ 

Law, £72^ 

derivation of, 474 

Bast’s method, depression of freezing 
point, 491 „ 

Ratio of specific heats of gases, -16 n. 
Rayleigh, differential manometer, 478 
Js^tic pressure, 471 
Reaction, <5>rder of, $60* 
of first order, 360 
Reactions of third order, 369 
Reactor®, nuclear, 98 ^ 

Real solution, 495 
Reciprocal proportions, law of, 5 
Recoil atoms, 52 
Recrys^aUisation^ 458 
Reduced phase rule, 391 
Reduced volume, pressure and tem- 
perature, 300 
Refractivity , 334 
and constitution, 335 
Refractometer, Pulfrich, 335 
Regnault’s method for density of a gas, 
r 15 

Residual charges, 679 
R^istivity, 503 
Resonance, 161, 163 ff. 
effect on bond-length, 163 
optical, 654 # 

Reversibility, thermodynamic, 184 
Reversible cycle, efficiency of, 186 
reactions, 346, 368, 375 
R P value, chromatography, 629 
th values, 579 a 
* Richards, T. W., 36 
Richter, 6 

Ritz combination principle, 113 
Robertson, J, Iff., Fourier analysis, 2€ 
R^sk salt, structure of, 253 ff. * 
tRontgen, 46 
c Roozeboom, 396 
Roscoe, 21 

Rotation— vibration spectrum, 666 
Relating crystal method, ^>9 


Side reactions, 372 
Sidgwick, 38, 165 


Silica gel, 604, 621 
Silical hydroxide, 662 
Silver, atomic weight oir-21 
colloidal, 601 


nitrate, solution of, 447 
sols, Carey Lea, 620 


formate, action of on silver nitraje^ 
371 374 r * * 

sulphate, solubility curve, 680, 446 
transition point, 279 
thiosulphate— silver thiosulphate- 
water system, 400 
Sol, 595 . , * 

Solids, characteristics of, 238 
specific heats of, 266 c 

Solid solutions, 393, 418, 459 
Solidus, 46CF * 

! Solubility curves, 444 ff. 

[ determination of, 442 
) effect of temperature on, 445 

v effect of particle size on, 451 ^ . 

egect of^ressure on, 451 
of gases, definition, 405 ^ # • 

determination of, 405 
effect of temperature on, 410 
of hydrogen in cane Shfhr solutions. 
:\w 409 

product, 567 ff % 580 
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Solubility curves — continued . 

, of sparingly soluble salts, 522 

t of vapours in gases, 404 • 

Solution, definition of, 402 
ideal, 463 

t non-aqueous, 522 

of gases in gases, 402 
in liquids, 405 
in salt solutions, 408 
in solids, 417 
of liquids in liquids, 424 
of solids in liquids, 440 
in solids,*459 
Sommerfeld, 118 
Sorption, 624 
% Space lattice, 245 if. 

Specific beat law, 20 
of gases, 214 ff. 
of solids, 266 

Specific rotatory power, 332 
Spectra, 106 ff. 

absorption, 337, 647 
emission, 107 
general theory of, 116 
molecular, 664 
multiplets in, 121 
Raman, 667 
Spectrum, 105 I 
band, 106 
continuous, 106 
line, 106 % 

Spectrophotometer, Beckmann, 337 
Sp-hybridization, 162 
Spontaneous change, 185 
Stas , 3, B 

Stalagmometer, 320 
Staudinger, 329 
Stannic acid, colloidal, 603 

oxide particles, charges on, 616 
State, continuity of, 296 
Stationary states, 108 
Spamp action on iron, 346 
J^distOIaMon, 439 
"^te^pisomerism, 680 
Stern and Gerlach , 674 
Stokes’ Law, 54, 653 
Stoney , 69 J 39 

Str ong electrolytes, anomaly of, 533 
‘"**%oiMuctivity of, 510 
Sublimation, 292 
Successive reaction, law of, *288 
Sucrose solution, osmotic pressure of, 
467 

Sugden , surface tension equation, 321 
Sulphides, solubility product of, 569 
Sulphur, allotropy of, 272, 292 « 

cplloidal, &Q2 
system, 388 # 

transition point, 276 t 
Sulphuric acra^ydrate, 409 
Sulphuryl chloride, decomposition of, 
363 v 


Supercooling, 243 

Supersatumtion, 450 / ; -.vy : „ , 
Surface films, 630 

Surface tension, determination of, 318 
definition, 318 

variation with temperature, 321 
Suspended transformation, 450 
Svedberg, 604 

sedimentation, 606 J 
Swientoslawski’s method, elevation of 
boiling point, 485 
Sylvine, structure of, 253 ff. 
Synchrotron* 93 

Systems of two components, 390 ^ 

of three components, 395 *>. +* 


Tammann , 467 
process of crystallisation, 241 
Temperature coefficient of chemical 
reaction#, 374 

Temperature — composition curves, 431 
Tensimeter, 279 
glass sprihg, 31 * • 

Tensiometer, 320 

Termolecular reactions, 369 * * 

Tetraethylammonium iodide, dissocia- 
tion of, 524 * * 

Theory of types, 133 * 

Thermal diffusion, 86 
Thermochemistry, 170*ff. # * 

Thermochemical equations, 171 • 

Thermodynamics, 168 ff. 
first law of, 168 ff. 
second law of, 184 ff. 
thu*d law of, 193 
probability, 205 
Thiele , partial valency, 138 
Thiloner , 302 < 

Thin films, structure of, 263 
Thorium series, 62, 67, 68 ** 

Thompson , 2?. W., 648 
Thomson , G. P., 2 62 
Thomson , J. J., 42, ^5, 54, 75 
structure of atom, 58 
Three component systems, 395 
Tie lines, 397, 425 
Tin, allotropy of, 286 * 

Townsend , 55 m 

charge on electron, 53 
Tracers, radioactive, 101 
Transition elements, 151 
point, 272 ff., 588 
* determination of, 274 # 

Transmutation, atomic, 91 % 

Transport numbers, 586, 513 
determination of, 515 
from e.mX gie&suipments, 52 
Traube, 465# 

Travers’ apparatus, 16 
Triads, l^w of, 23 
Triethylamme-water®sysfc&m, 426 
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T roost and Hautefeuille , 422 
Trouton’s Rule, 341 
Tswett , chromatography, 627 
Two component systems, 390 


Ubbelohde viscometer, 327 
Ultra-centrifuge, 608 
Ultramieroscop^, 608 
Ultrasonic waves, 661 
Unimolecular films, 631 
reaction, 360, 378 
Unit, cell, 245 ff. 

Units, electromagnetic 
static, 42 
energy, 213 
MKi§f43 
Uranium, 48 
series, 62, 66, 68 
Urey, 89 




electro - 


Valency bonds, 136 
development of theory ox, 132 ff, 
electronic theory, 143 ff. 

Vanadfe acid, colloidal, 602 
VanadSum, atomic weight of, 21 
Van aer Waals bond, 167 
equation, 281 

and critical phenomena, 297 
« surface tension equation, 321 
VmnH Hoff , 471, 468 
i factor, 494, 508 
isochore, 203 
isotherm, 202 
Vapour density, 20 
'determination of, 27 
Vapour pressure curves, 306 
definition, 306 
determination of, 307, 478 
•^dynamic method, 480 
lowering, law of, 472 
and specific heat, 475 
measurement of. 277 . 
of solids, 270 

of solutions of liquids in liquids, 428 
Variable valency, 152 
Velocity consta&t, 349 ff. 

Velocity of reaction^ 346 ff. 

Velocity of transformation, 287 
Victor Meyer , vapour density, 20, 27 
Viscometers, 327 
Viscosity, 596 

.coefficient of, 225 • 

and constitution, 328 
definition, 324 
determination of, 325 


Volta, 499 
Voltaic cell, 572 ff. 

Volumeter, Guy© and Pintza’s 
von Babo, 472 
von Marum , 301 
von Weimarn , 596 
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Wall reactions, 362 
Walker’s equation, 532 
Washburn, 89 
and Bates, the Faraday, 39 
Water, composition by volume, 33, 34 
by weight, 31 

ionisation of, 541 , 

shape of molecule, 157 # 

system, 385 ff. 

Wave mechanics, 124, 128 
Weissenberg, 675 
Wenzel, 348 r 

Werner, co-ordination compounds, 141 
Whetham, mobility of ions, 520 
Whole number rule, 82 
Whytlaw-Gray, determination of atomic 
weights, 18 
Wierl, 667 

Wilhelmy, surface tension, 320 
Will and Bredig, vapour pressure, 480 
Wilson, <7. T. R., cloud chamber, 54, 95 
Wilson, H, A., 55 c 
Witt , 648 ^ 

Woodhead, atomic weight of xenon and 
carbon, 18 
Wright, 404 


X-eays, 46, 49 
analysis, 536 
results of, 260 
diffraction, 247 ff. 
grating spectrographs, 259 
interference, 667 «* 

photochemical action, 660 
powder spectroscopy, 258 
spectrometer, 250 


Yulcawa, 100 


Zeeo point energy, 90, 240 
Zinc-cadmium alloy, 390 
Zirconiumfatomic weight of, 22 
Zsigmondf; 618 , 619 
Z witter ions, 563 


